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January 31, 1991

Dear Colleagues :

I would like to thank all of you foe taking time out of your busy schedules

to attend to our "Technolog7 W°rksh°p°nLaser Beam_powe=: r=omEarth to
We value your prtsence i_ our workshop

, and other Applications."
the Moon ......... di_- contributions in the area of space.

because o¢ your _ony-===.. -_Durlng th£s workshop we will have the
exploration and technology.

opportunity tO exchange ideas and learn more about the maturity of various

laser beam power technologies and syste_ developed under the $DIO and

DR/_PA sponsorship that might hav_ _:Lcect applicability to some of the

Agency's needs. We would like to utilize this e_nt as a staEtlng point to

further assess the impact of th£3 concept tO the Space Exploration

Initiative in particular.

For your conve nience,_ I have blocked out 15 room_ st the Harley Airport

West Hotel, only 15 minutes away from Lewis Research Center. They will

provide you with transportation frown the airpo_ to the hotel the evening

of February 4 (upon request). Transportation will also be provided on

February 5 by the Harley Hotel, departing the hotel at 7:15 AM to our

prent_ses and back to the a£rport at the end of the meeting (5:30 PM). I

would encourage you to make your o_n_ reservations _A2 by calling the

Harley A£¢port West Hotel at [216) 243-5200. The rate is $57 per room. We

are also asking foe a contribution of $10 per person to cove% for some of

the workshop expenses. We will provide a continental breakfast starting at

7:30 AM and a lunch buffet at 12:00 PM.

a r=Cnder,thi- ,ctlv tY will heldat th, pr se,of t e..  ospc  
TeChnology Park, Just across the road from Lewis's West Gate, euil_/ng M_,

Room 149. Do not hesitate to call me if you have any questions st (216)

2 Enclosures:

Workshop Agenda

Map
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TECHNOIf)GY WORKSHOP ON IASER BEAMED POWER
MINUTES

Sl_mm_r_

The Technology Workshop on Laser Beamed Power: From Earth to the Moon and
Other Applications was held at NASA Lewis Research Center (LeRC) on
February 5, 1991. Approximately 50 representatives from NASA Headquarters
and research centers, Department of Energy laboratories and private firms

participated.

ne-da workshop was arranged by Dr. John Rather of the Space Technology
The o . Y. _ ,__, _.1^ NASA should play in power beaming from the
Directorate to assess wm_ -v,_
Earth to the moon. The morning presentations focused on optics while the

presentations in the afternoon centered on photovoltaics, electric propulsion, and
lunar operations. The workshop speakers each had expertise in some aspect of
the technology necessary for power beaming, and they generally advocated the

development and application of power beaming systems for cis-lunar and lunar

applications•
Discussion

Introductory Remarks. Stuart Fordyce, Director of Aerospace Technology at
NASA LeRC, was the host for the workshop. LeRC has been designated as the

Space Power Center of NASA.

From Earth to the Moon via Laser Beams. John Rather of the Space Technology
Directorate, NASA Headquarters, presented a description of the Segmented

Efficient Laser Emission for Non-Nuclear Electricity (SELENE) Program, a near-
to-mid term strategy for powering a lunar base with laser energy from the Earth's
surface intended to bootstrap large scale lunar development. The same
technologies also make feasible high power operations for satellites and laser
electric propulsion vehicles. In the longer term, Dr. Rather suggested that a
lunar base might develop the potential to return economic benefit in the form of

electric power beamed b.a..ck.,tothe EarL.. _D_r-RaLet_tr_e_i._n a _,_oets _f_owC_edbCbaly

experiments and a f.easibi_ty aemonscra_on _,,,,_,__ommence early in the next
le s tern by lb'_tS. _tm oper_u,-.-,,,_.-- ,, .an operabh ys __ Is be achieved through

•.,,,h,,-_ Ullrrsnt work related to SELENE. , tug .., .,,.-,,,
_scret_on_-_ding, and program status is plannea Ior ,_o.

S_T _r_ ;,,_l,des at least three ground-based sta.tions to pe.rmi't _n.t_Luous Jirect

r transn_saon to _e moon. ""_ _'_° --_" • " wa spowe ......... _ _L_.., ,_ .lobe wtth two of three m_s el. y _ .
zones a.p__ _Y _Sh_lADU_e_on.aV_O_e_'_S_';;_S are Australia, Maul, C hi_.. Lake,
navmg nne-oP.,5_, -,.-._ ..... .. ........ ._ _t, no ch station wouta nave
...... v_l._.i. Maaall'ascar, ._or-out_ _ ,.,,_v. Za .... ..._
me uana.ry LTvmuo ,, . _'_"__ ,r_T_ ..,_o I0 m diameter beam atreccor. _ne

• on tree electron l_r kz_ =uj _, ,-an inducti ... .. .... ___._^ _ ..,o A,_ e PAMELA) concept, a
Phased Array _trror _zma_-,_ -_-_ ..,._rtur (
proprietary design by Kaman Corporation, is the conceptualized approach for the
optical telescope used to project and correct the beam. A power level of up to 10
MW would be transmitted at 0.8 _m and converted to electricity by photovoltaic
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arrays to deliver more than 2 MW on the lunar surface, assuming a photovoltaic
array conversion efficiency of about 50%. The power reaching the moon would be

received over an 80 m diameter area, and the arrays would cover about 5000 m2 at
a cost of less than $0.5 billion.

To reach full SELENE deployment, the feasibility demonstration would show that

a near diffraction limited beam could be projected to the moon. The 2.7 kW green
laser currently being used by Lawrence Livermore National Laboratory (LLNL) in
the isotope separation program is proposed for use, projected by a 10 m structure
populated with 2-4 cm PAMELA optics. The cost was estimated at $80 million.
Following the initial propagation experiment, he suggested that three 2 MW
FEL's be installed at three locations and combined with three 10 m PAMELA
telescopes to reach operational capabilities for SELENE. Completion was
estimated by 1998 for $2.5 billion for the entire program including the spaco-based
receivers.

The SELENE concept is based on induction linac free electron laser (IFEL)
technology. Dr. Rather described an IFEL for SELENE that uses a 150 MeV

ac.c.el.erator employing ne w cavity designs yielding 2-3 MeV per meter gradients,
whi_c.h could reportedly achieve approximately 20% wallplug efficiency. Referring
to Science Research Laboratory (SRL) estimates, he suggested that a 10 MW IFEL
might be built for as little as $10-15 million.

Dr. Rather also briefly introduced the concep.t of laser electric propulsion using
the FEL to boost payloads from low Earth orbit (LEO) into low lunar orbit (LLO).
He suggested that 3 MW of laser power focused on spacecraft photovoltaic (PV)
arrays would boost a 12,000 pound payload from LEO to LLO in 12 days. Although
the subject of a later presentation, Dr. Rather seemed to emphasize electric drive
as the design of choice for laser propulsion. In passing, he commented that the
induction linac FEL could operate at a repetition rate of 20 kHz which would
produce AC type power at the spacecrait and minimize the amount of power
conditioning required on orbit.

Dr. Rather explained the nature of laser power beaming in the context of other
options for lunar power. They included direct solar illumination of PV's with
extensive storage on the surface to survive the long lunar nights and on-sits
nuclear power. His comments dismissed direct solar power from a weighteto-
orbit argument based upon the tremendous weight required to store power for 14
days. He similarly dismissed the on-site nuclear option as ruled out for non-
technical masons. That left laser power beaming as the only viable contender
until major construction capabilities become feasible on the moon.

Dr. Rather turned to a discussion of atmospheric compensation issues and the
role of PAMELA for power beaming. He suggested that lasers situated on three
km mountain pealm would be free of many lower atmospheric obecurations and
would have a more benign atmosphere through which to propagate. Dr. Rather

xplained that convenfi_o.na] approaches to atmospheric compensation emoloved

zorma_te_rs vat_, theoptical train, although this can be expensive.- In
e earty l_iu s, ne worKee at Kitt Peak with a 12 millimeter wave radio-

astronomical telescope, and he thought of covering this large mirror with small
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adaptive optics components to make it function at short wavelengths. PAMELA
grew from this early concepts.

Citing California Institute of Technology work, Dr. Rather said that 10 m
diameter precision radio telescopes can be mass produced. In the Caltech design,
honeycombed aluminum fastened to a steel frame was cut with a laser controlled
mill until a parabolic surface was obtained. Aluminum 2 mm thick was then
vacuum bonded to the surface. This process cost $1 million and required three

man-years to produce one telescope.

For the PAMELA application, each hexagonal segment would have three
actuators for piston, tip and tilt control plus edge sensors coupled to an on-board
microchip that senses segment position relative to adjacent segments. The key for
success is low-cost high-quality segments. Dr. Rather believes that the cost of the
individual segments can be reduced to $200-300 each. One 10 m PAMELA
telescope would require 25,000 individual segments and a large back-up structure.
If manufacturing is successful, Dr. Rather indicated that the mirror segments
would total $5 million and the back-up sheet $1 million for a total of $3 million for

the complete telescope.

Control algorithms for this large number of actuated segments may be a problem.
Current state-of-the-art is for approximately 25,000 segments, and Dr. Rather
believes that 30 iterations at 30 kHz will be required. A two level control system
was suggested to keep communication time between segments to a minimum.
Finally, the control concept must be scalable and will likely require simple arrays
and precision actuators employing heavy parallel processing.

For the near term proof-of-principle experiment proposed for 1994-95, Dr. Rather
advocated a 10 m basic telescope structure. His estimates conclude that a 4 m

system would cost approximately 75% of the 10 m cost and the scalability added by
the larger structure would be worth the expense.

Dr. Rather concluded his introductory remarks and description of SELENE by
reminding the audience that this technology was not just for power beaming. In
addition, it applies to laser-electric propulsion, life support to manned platforms,
and other high power space applications as well as astronomy and intelligence

telescopes.

Free Electron Laser Development. Daniel Goodman, Science Research
Laboratory (SRL), gave a presentation on Induction Linac Driven Free Electron
Lasers for Beamed Power Applications, in which he advocated the suitability of
induction FEL's for beaming power to the moon.

The hi_hest peak power achieved with an induc_on linac-driven frL_.eeele_.tr°n e
n . ._,_,.t_4]= Affit_d_l 10 GW at a wavelength ot tcm, ana me ms,,UD_ _-_.--s

l_se, ,_v...7_-j. ---:.=.-_=._ j ,_ _.^ ---oter than 10 MW at the wavelength oeslgn _
ower posslDle IS anucapa_ w _ s-_ ..... N _T I... I. :_

P..,..,_ ,,_""l ..m _..m "encv is ex_ect_ to be less _ or _equal _ ouw. _ ,ram ___
v-.._.o _- ....--. __(n _. _ • f_ moames are reqmrvu
a number of 1.5-meter accelerator modules for the FEL,
for the complete system. Common accelerator design issues were identified, and
these are expected to be resolved by the end of the first year of the proposed
program. These include the output voltage flatness, timing jitter and beam

energy spreading.
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SRL's program is defined in three phases. Phase I would result in the 1.5 MeV
accelerator module fabrication and testing and the wiggler design. In Phase II
the beam energy would be extended to 6.5 MeV from the Phase I 1.5 MeV beam
energy and wiggler design verification tests would be performed. Phase III
would include fabrication of the 50-100 MeV induction accelerator and wiggler.
Dates accompanying the phase descriptions show the beginning of Phase I in FY
1991 and completion of Phase HI by FY 1995. Funding for this work has come
from SDIO, DoE and DoD in the past. SDIO has cancelled their funding in order
to support other areas.

Progress in Segmented Mirror Technology. Albert Lazzarini of Kaman Sciences
Corporation spoke on Control Systems for Adaptive Optics Technology. Kaman
recently completed and delivered the adaptive optics package for the Wavefront
Control Experiment (WCE), part of the SDIO/AFSSD program Starlab mission.
The WCE uses a membrane deformable mirror with 69 actuators, and it was
delivered to SDIO in August - September 1990.

Issues affecting the scaling of deformable membrane mirrors to larger apertures
include the adaptive control needed in a reduced beam by large aperture
collimator/telescope systems and the differences in sensed and controlled spaces.
Surface control techniques for large segmented mirrors have been approached
through the use of small hexagonal subapertures, as in the PAMELA system.
Each segment senses the edge mismatch and corrections are made with pistons.
For the described mirror, 25,000 segments are needed. Algorithm convergence
performance to find the optimal tilt of the mirror segments with the smallest
number of iterations is critical to development.

With regard to laboratory experience, a power level of I milliwatt has been used
for a mirror with 5 - 7 segments, and several segments have been joined in a
dynamic control experiment.

Greg Ames of Kaman Sciences Corporation reported on Segment Development for
SDIO/DARPA. Phase I of this joint project using the PAMELA technology
entailed a six month effort to prove the edge sensing technology of the hexagonal
mirrors. Phase II is ongoing and it involves nested control issues for both tilt

measurement and piston functions. Phase III will involve the construction of a
36-segment telescope to produce diffraction limited images. A main issue is
temperature sensitivity of the segments, and it may be that a trade-off with the
dynamic range will be the means to correct it.

SDIO/DARPA Adaptive Optics and Relay Mirror Experiments. Darryl
Greenwood of the MIT Lincoln Laboratory discussed SDIO/DARPA Adaptive
Optics and Relay Mirror Experiments. Dr. Greenwood mentioned Itek, United
Technologies and the Air Force Phillips Laboratory as having adaptive optics
programs, but he noted that in general the current technology base is very weak.

Three atmospheric phenomena significant to laser propagation and adaptive
optics are extinction, atmospheric turbulence and thermal blooming. Turbulence
is caused by random heating variations in the atmosphere. Thermal blooming
results from the interaction between the beam and the medium, and extinction
refers to the losses associated with propagating the beam through the
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atmosphere. Lincoln Lab has an atmospheric compensation program to assess
and compensate for the atmospheric effects on laser propagation. This program
is currently receiving Army support and has received SDIO funding in the past.

Recent work has been with the ground-based laser at the Air Force Maui site
(AMOS) involving the Laser Atmospheric Compensation Experiment (LACE)
satellite target. In conjunction with this work, the short wavelength adaptive
techniques (SWAT) program uses beacons to compensate for atmospheric
turbulence over the laser path.

Dr. Greenwood showed a graph indicating transmission windows in the
atmosphere where high power laser beams are best projected. One very good
transmission band occurs around 1.06 pm where molecular absorption is very
low. A similar transmission window occurs between 0.78 - 0.80 pma, the
wavelength of most interest for the SELENE concept. According to several at the
workshop, transmission at 0.80 pm provides the best conversion efficiency for

gallium arsenide (GaAs) photovoltaic arrays.

Returning to propagation, Dr. Greenwood stated his opinion that even with a fully
populated 10 m PAMELA system, some conventional adaptive optics would still be
required based upon aerosol absorption. FEL's operating at 1.06 pm have
absorption of approximately 0.07%. Several A/O components are operating
around the country today. At the Maui test facility one 241 channel, 1 kHz
deformable mirror (DM) is being used daily. Another 241 channel DM is
operating as a part of the SABLE horizontal path propagation experiment in
progress at TRW_s Capistrano test site. A third 241 channel mirror is being used
at the Lincoln Lab.

In the lexicon of atmospheric propagation, the strehl ratio indicates effectiveness
by expressing relative on-axis beam intensity. As an example, Dr. Greenwood
showed a sample calculation for a 10 MW laser power beaming FEL operating at
1.06 pm with 0.07% absorption, assuming a 3.5 m telescope with zero slew. Under
these conditions, the strehl ratio would be 0.80. If power were increased to 20

lVlW, the strehl ratio would drop to 0.10. The general scaling rule was P/d 1"5.

Major components included in a conventional A/O system are the wavefront
sensor (WFS), the aperture sharing element (ASE), deformable mirror, fast
steering mirror (FSM) and the reconstructor. Dr. Greenwood recommended a 10
cm actuator spacing for the DM and a 10 m conventional beam director for this

mission.

Current planning is based on 10 MW exiting from the aperture on the Earth. The
following factors will affect the amount of power reaching the moon:

Atmospheric transmission 0.9

Atmospheric compensation 0.5

Collector geometry efficiency 0.9

Array electrical conversion efficiency 0.5

9



This results in a power level of 2 MW. Power conditioning and waste heat
processing reduces power available by 0.8 MW, and therefore the amount
available for lunar electrical consumption will be approximately 1 MW.
Given the various high energy laser options, Dr. Greenwood advocates the use of
the free electron laser because of its tunability, its scalability to high power, the
existence of designs for 10 MW, and high potential efficiencies. He believes the a
beam control system for efficient transmission of laser power from the Earth to
the moon can be built.

Laser Powered Orbital Transfer Vehiclea Grant Logan of the Magnetic Fusion
Energy Division, Lawrence Livermore National Laboratory, presented

information on Laser Electric Propulsion: Mission Analysis in the early
afternoon. Specifically he discussed Laserpath, a ground-based laser-driven

space power and propulsion concept developed several years ago and intended as
a manned lunar shuttle vehicle. He believes that the concept has great potential
for application of a ground based laser system. In his analysis, he considered 72
round trips between LEO and LLO and included a relay mirror to focus and direct
the beam.

Dr. Logan showed estimates of 5 kg/kW for the nuclear option. Given some
additional development, he suggested that laser/PV combinations could achieve
0.5 kg/kW. Further, he estimated FEL costs at $5/W. Dr. Logan believes that laser
propulsion is economically attractive as an alternative to conventional means.

A laser system has several advantages over solar-powered photovoltaics. The
laser permits operation of the photovoltaics at their thermal limit, thus

generating more power per unit area. Laserpath also exploits the high specific
impulse of the plasma thrusters, therefore requiring little propellant mass. Dr.
Logan believes that the Laserpath concept is worth pursuing in relation to lunar

power beaming systems. Dr. Rather later noted that this vehicle, with its large,
low weight concentration, may be capable of going from the moon to Mars, and
that some interesting questions regarding mission optimization remain yet
unexplored.

Dave Byers, Chief of the Low Thrust Propulsion Branch 'of NASA LeRC, discussed
Beamed Laser Propulsion. Dr. Byers first outlined the negative aspects of in-

space propulsion, which are dominated by the proportionately large prime power
mass requirements necessary. Alternately, beamed laser propulsion concepts,
both ground and space based, appear attractive for future use. He noted that
continuous laser power is not essential, and that pulsed power is effective and

sometimes optiC... NASA LeRC has ongoing R&T work in electric propulsion,
conjugate/"nondiffracting" waves and the H2 rocket.

Electric propulsion concepts are either electrothermal, electrostatic or
electromagnetic. Seventy-seven space tests have been conducted in the world in

these areas, nearly two-thirds of which have been in the U. S. Low power electric
propulsion systems are currently operational.

Problems associated with ground-based lasers for spacecraft propulsion include
atmospheric propagation and beam spreading. The approaches taken by LeRC to
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alleviate these problems have centered on phase conjugation and "nondiffracting"
beams. Theories and experimentation in these areas have an international
history over recent decades. Dr. Byers solidted the opinions of the workshop
participants as to the application of phase conjugation in adaptive optics. LeRC
has an in-house phase conjugation facility operational, including three- and four-
wave mixing, a low power HeNe laser and BaTiO3 photorefractive crystals.
"NondiflYacting" waves involve solutions to the wave equation which travel
without spreading, although it appears that "nondiffracting" waves do diffract.
Despite this, LeRC work suggests that certain changes could enhance
propagation distances and make the concept more attractive.

Dr. Byers also discussed the H2 laser rocket under development at the University
of Illinois. The 10 kW H2 rocket fabrication is nearly complete and testing is

planned in Spring 1991. The 100 kW H2 rocket design is complete, and LeRC
advocates the fabrication and testing of this larger rocket as well as tests with

higher power lasers.

In summary, Dr. Byers stated that mitigation of in-space propulsion penalties
requires improvements in performance, potential benefits exist for Earth and
planetary propulsion through ground- and space-based lasers, and less than 10
MW is ample for achieving results.

Laser/Photovoltaic (PV) Technology. GeoffLandis of LeRC/Sverdrup, Inc.

presented PV State of the Art Technologies and Implications. He stressed the
following points: the photovoltaic mass should not be considered alone, as the
overwhelming majority of solar PV power system mass will be the mass of the
energy storage system required for the 354 hour lunar night; electrical
conversion efficiency will increase as intensity increases, as long as temperature
does not increase too much; and solar flares will result in high energy protons on
the moon, which will degrade the photovoltaic cells.

GaAs cells produce the highest energy conversion efficiency. Efficiency is

approximately 50% for laser light at intensities of I kW/m 2 near the optimum
wavelength of 850 nm. Efficiency drops off rapidly with longer wavelengths and
linearly with shorther wavelengths. Both silicon and thin film cells are cheaper
but they have lower efficiencies. Current cells are not optimized for laser
conversion and have monochromatic conversion efficiency of about 30-40%. To get
better efficiency with silicon, Dr. Landis suggested cross-grooving the surface of
the cell to increase the exposed surface area per cell and the amount of internal
reflection. New materials would be required if wavelengths outside of 600 - 900 nm

are necessary.

Dr. Landis stated that the. life expectancy of the cells on the lunar surface would

only be influenced by env_onmen.tal .anomali'eS; such as solar flare activity,
which would cause a 5% (legraaauon m _ue _e., for each occurrence, lie also
seemed to state that no degradation would occur inherently in the cell, and that
laser drii_ would not affect the cells. Cell degradation has always been a major
concern of PV developers. John Rather pointed out that indium phosphide cells
under development at the Naval Research Laboratory are self annealing and
retain their efficiency at the 90% level after heavy exposure to particle radiation.
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In a comparison of the weight required for a laser powered PV system versus a

power storage system on the moon in order to show the tremendous savings with
the former, Dr. Landis presented tables of weight estimates for detector arrays
and the corresponding weight for lunar power storage. He said that lasers can
cut requirements to 1/30 of current technology requirements. These are
summarized below.

Photovoltaic Technologies:

Present 1250 kg

Next Generation 540 kg

Advanced 360 kg

Storage Technologies:

Ni-H batteries 2,400,000 kg

Regenerative fuel cells, conventional 110,000 kg

Regenerative fuel cells, cryogenic 20_A0 kg

Ed Coomes of the Pacific Northwest Laboratory/Battelle Memorial Institute spoke
on the Laser/PV Qualification Experiment. He indicated that he was particularly
advocating nuclear or solar power beaming, and especially space-to-space power.
He would like to see space power generation and distribution parallel to terrestrial
power systems.

His expression of the advantages of power beaming included the commonality of
power assets, technology synergism, nuclear systems in high Earth orbit to create
increased safety, power availability increased by an order of magnitude, new
civilian and military options available, and the power infrastructure available for
space commercialization. He indicated that power beaming would be useful for
orbital transition.

Mr. Coomes said that laser conversion efficiency was 10 times that of solar. He
estimated conversion efficiency of GaAs around 50% at 25 °C. By altering cell
dimensions, he believes efficiency would reach 60%. He further stated that 70%
efficiency may be possible with a dopant in the GaAs. He is currently working
with Dr. Olsen at the University of Washington to investigate these theories.

scussea t'rocesszngMetno_ ana _mergedcs. _rent Sherwood of Boeing gave an
overview of Boeing's end-to-end systems study of lunar power and processing.
The plan includes the reduction oflunar ilmenite to resultin 100 tons of oxygen
per year, and the use of regenerative fuel cells.Power would be needed for

survival as well as lightindustrialprocesses. The following power demands were
suggested.
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Early lunar activity

Continuous power for habitat and science

Early oxygen prod'n/pilot fabrication plant

Early fabrication industrial production

Growth of resource production base

20 kWe

100 kWe

1 MWe

5 MWe

10-100 MWe

Subsurface habitation tunnel melting 500 MW thermal

Brad Cothran, also ofBoeing, reviewed research of several decades ago in which

space power technologieswere evaluated. The freeelectronlaser was in its
infancy,but itlooked promising due to itstunabilityand itslightweight. Ben
Clark of Martin Marietta discussed Soil Resources and Processing Concepts. He
outlined Martin Marietta's lunar evolution case study, which did not rely upon

laser power.

General Discussion. A general discussion followed, in which Dr. Rather queried
everyone's overall impressions. He reiterated that power beaming is a means to
bootstrap lunar development, and that power beaming would only be required for
10 - 15 years while operations on the moon are becoming self-sufficient. Dr.
Rather stated that with three ground sites, the probability of power outage on the
moon would be 1:100. With six ground sites, the probability decreased to 1:10,000.

He noted that the big picture must be studied with regard to power beaming and
that alternate approaches must be considered. Power beaming has been viewed
negatively due to its ties to two outlandish schemes in the past. The present intent
is to determine what aspects of power beaming can be made to happen first, so
that the final goal can be achieved through incremental steps. Dr. Byers added
that they must also consider applications in Earth orbit for the near term, and
that kW power systems offer promise. Dr. Rather added that today's discussions
were not meant to be exclusively lunar. Relay mirror systems were briefly

discussed.

Dr. Rather believes that the joining of silicon microelectronics and large scale

optics is a worthwhile technical challenge, and he urged the participants to give
serious consideration to the concepts discussed today to help move this program

forward.
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DISCLAIMER

The following text is Dr. John Rather's original conception of the SELENE
program. The SELENE program is still evolving, and this is provided to stimulate
the reader's thoughts concerning the ultimate possibilities of the concept and
programmatic issues.
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ABSTRACT

We propose a three year project to develop technologies for and

demonstrate the feasibility of laser power beaming to the moon. The

feasibility demonstration will involve developing a revolutionary new beam

expander optical system using a highly segmented phased array primary
reflector to compensate for atmospheric, structural, and tracking

perturbations. This beam expander will be coupled to a readily available 2
kilowatt copper vapor laser module (or similar laser) to deliver power to the

Apollo retro-reflectors now on the moon. Photometry of the returned signal

will indicate the degree of success of concentrating and stabilizing a

diffraction-limited spot on the moon, which is tantamount to demonstrating

the ability to beam large amounts of power to the moon or to any point in

cislunar space.

Since the lunar night is two weeks long, there is a critical need for

power at any permanent manned installation. It can be shown that as few
as three laser sites spaced 120 ° apart around the earth can ultimately

satisfy the need for continuous megawatts of power on the moon at a

small fraction of the cost of any other method. (The astronauts wilt

merely have to unroll high efficiency laser photovoltaic cells over an area
about 80 meters in diameter on the moon's surface and emplace a small

laser beacon beside the array.) Synergistically, the system would also

make feasible laser electric propulsion for efficient transfer of large

masses from low earth orbit to low lunar orbit_ Other applications

include supplying large amounts of reliable power to high power radars

and other transmitters in high or low orbits. The presently proposed

demonstration will prove the feasibility of the most difficult aspects of

these concepts.

Implicit in this program is the development of a totally new approach

to large scale adaptive optics and telescope design which has the

potential to cut the cost and fabrication time for large optics by a factor

of ten. At the same time, this approach will render feasible the

construction of low weight telescopes and beam expanders both on earth

and in space having apertures much large i_ than any previously achievable

(>15 meters at optical wavelengths). These capabilities will greatly

enhance and facilitate optical system design for space, defense

intelligence, and astronomy.

The program has been named project SELENE, after the ancient Greek

goddess of the moon. The acronym means "Segmented Efficient Laser

Emission for Non- nuclear Electricity"
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BACKGROUND

Although the optical sciences have made enormous progress in the past

three decades, the fabrication times and costs of large optical apertures for

telescopes and laser beam expanders remain very large. Despite major US

research activities such as the Strategic Defense Initiative's Rapid Optics
Fabrication Technologies (ROFT) effort, breakthroughs have not occurred

which are necessary to make feasible large, inexpensive, lightweight,

rugged, deployable, and fully adaptive,telescope systems to achieve

diffraction-limited performance at visible wavelengths either on the ground

or in space. Many critical technological shortfalls also remain in adaptive

optics research. In particular, deformable mirrors and wavefront

reconstructors required in typical adaptive optical systems are complex and

expensive. The work proposed here addresses important technological

deficits in all past and present programs. Successful completion of the

proposed work will not only make a major new contribution to the United

States space program that is highly appropriate in the context of NASA's

response to the Augustine Panel recommendations, but also will open new

capabilities for economical high performance power generation, propulsion,

optical data transmission, surveillance systems, and astronomy. Appendix 1

provides some details of the application which is the immediate focus of

the present proposal, namely the use of such an adaptive optical system totransmit large amounts of power.
f

The work proposed is based upon an extensive knowledge base developed

over two decades in numerous laboratories and private companies (see

Appendix 2). In particular, before his recent affiliation with NASA, the

present author led a five year effort at Kaman Corporation to exploit new

approaches to adaptive optics as a means for achieving superior optical

system performance. First, he created the Strategic Defense Initiative

Organization's STARLAB concept to achieve and demonstrate weapons grade

laser pointing and tracking using adaptive optics in the so-ca/led Wavefront

Control Experiment (WCE). He also invented and patented Kaman's PAMELA

concept, an acronym meaning "Phased Array Mirror, Extendible Large
Aperture', which points the way to the presently proposed work. Appendix 3
outlines the PAMELA adaptive optics concept.

While the fundamental feasibility of a specific phased array segmented

optics approach has been verified by Kaman Corporation under a contract

with the Strategic Defense Initiative Organization (SDIO), a large amount of

work remains to be done that is appropriate to the capabilities of
A-4



government laboratories and private industry. Alternate concepts may also
benefit from a diversity of expertise. In order to bring the best technology

to maturity in minimum time, we propose to initiate innovative adaptive

optics work immediately under a joint program between NASA and SDIO.

Efforts are already in progress to initiate joint funding to carry the work to

logical large scale applications. The NASA power beaming effort is the first

such proposed research partnership.

In order for the proposed concept for laser power beaming to figure in

NASA's planning for the Space Exploration Initiative and other NASA and

Department e.,f Defense planning, it is essential that the proposed feasibility
demonstration be carried out at flank speed. Hence, the proposed program is

structured to accomplish the full demonstration by the end of FY95. This

entails carefully planned parallel programs beginning in FY92, leading to

production of critical subsystems such as adaptive optical segments,
control algorithms, wavefront sensor components, the telescope/beam

expander structure, the required reference "guidestar', the laser itself, and
the site selection and planning. We thus propose an aggressive effort

beginning with modest funding in the present FY1991 in which discretionary
funds accomplish the required initial planning and designs and the expected

out-year funding can then be used immediately to launch the

time-constrained hardware work. Significant involvements of private

industry will also be necessary, with increasing roles later in the program

For the future, there are many important ramiUcations of the proposed

work. In connection with the Augustine Panel recommendations, NASA w=il

have established a direct, long-term response to the call for new, innovative

technologies expressed in recommendation #8. Moreover, NASA can logically

proceed to development of a robust electric-propulsion .system, a laser

photovoltaic power array for the lunar surface, and technologies for
utilizing and processing lunar materials. The 16 meter astronomical

telescope for the lunar surface now in the initial study phase at NASA w,!l

also be very favorably impacted by the new optical technologies. In ot_er

areas, this same technology will lead to many other future Government

programs for defense, intelligence, and numerous scientific purposes.

GOALS AND PERFORMANCE

Overall, the research goats can be summarized: Review multi-elem, e":

adaptive optical systems, choose the best candidate for intens,ve

development, and then develop the materials, fabrication met_'_cs

wavefront sensing, optical element actuation and control tech_C ::,
A-5



necessary to realize the benefits of highly segmented adaptive optics.
Engineer the required support structure for a ground based demonstration

telescope/laser beam expandar. With appropriate industrial partners,

produce a telescope/laser beam expander and perform an experiment to

demonstrate near-diffraction-limited power transmission to the moon. Plan

for future defense and intelligence space applications.

Cost effective work can take place because the project, as proposed, is

large enough to have a critical mass and because team members from within

and outside NASA can complement each other's support. Figure 1 outlines the

overall costs and provides a basic time line for each major phase of the

project. Note that the success of the program depends upon a well

structured parallel effort from the inception. Between 10 and 12 full-time

equivalent personnel, organized as illustrated in Figure 2, will be required

for launching the project during the first year. Most of the required support

will be science and engineering from several scientific disciplines. During

the second and following years, major fabrication and machine shop support

will be required to construct test articles. Projected growth in outside

funding in the second and following years will greatly expand the number of

people supported at NASA Centers and in external teaming organizations.

As indicated in Figure 1, the logical objectives of the work reside in six
areas:

(1) _ the _ m._jLg____e,__and Wavefront Control _ Thus

far, Kaman Corp. has realized only one "hand-forged" design using inductive
edge sensors and electromagnetic actuators to control molded silicon

carbide segments. It is highly likely that advanced chemistry and

engineering methods can design and arrange to produce a more optimum

design suitable for low cost mass production. This is an essential, central

need that must be satisfied, therefore it insures participation by a variety

of skilled NASA and outside supporting people. The closely coupled sensing

and control hardware leading to a workable overall system must be designed

to preserve the economies and scalability of the concept.

(2) Prov_ the rA_9..cLt.b._.._ Sophisticated control is a principal key to success

in highly segmented optics. Kaman Corp., Thermo-Technologies, Corp. and the

M.I.T. Lincoln Laboratory have partially tested and verified var,ous

approaches to the control of thousands of adaptive elements. (The approach

used by Kaman was initially based upon neural network ideas borrowed from

Los Alamos National Laboratory and innovated upon by FORTH, Inc..) The

mathematical and computing resources available with a well fun_ed

coordinated effort will bring a new Cimension to the work which should :e_C
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to better, faster, more scalable algorithms. System simulation is vital to

prove success before labor intensive fabrication is begun.

(3) ._ a__ End-to-end system design will entail

optimization of all the subsystems. This activity has a scope appropriate to

particular talents of laser physicists and engineers at NASA Centers and
outside entities. A particularly interesting and important part of the

problem is how to obtain the needed information to enable the necessary

adaptive control of the surface. Part of the information can be locally

sensed. Both edge-match and surface figure can be locally measured and

controlled, but full correction for external wavefront perturbations (such as

atmospheric effects) will require ample external photons. These photons can

be obtained in a variety of ways, but the challenge is to find the simplest

and least expensive wavefront sensing approach. This will be discussed

below in Appendix 4 with reference to unresolved issues.

(4) _ aT1..._ The Keck Foundation is already expressing interest in

building a second ten-meter diameter telescope on Mauna Kea, the new one

having some adaptive optics capabilities. (NASA has already signed a

Memorandum of Understanding with the Keck foundation regarding

participation.) This will be exceedingly expensive and difficult if existing
methods are used. An innovative telescope of the proposed new design will

be much easier to realize, much less expensive, and could have an aperture

larger than ten meters. To prove this, however, we will have to build a real

telescope in the near term. It is reasonable for NASA to undertake building a

three or four meter diameter telescope/laser beam expander to demonstrate

end-to-end feasibility in three years. (In fact, we believe that a much larger

structure - at least ten meters in diameter- can be built directly at low

cost and only partially filled with adaptive segments to achieve the

necessary demonstration. Upon achieving a successful demonstration, the

system can then be easily and economically scaled to full aperture

performance.) The Keck Foundation should be persuaded to support the
astronomy-related part of this work. If success is achieved, a sixteen meter

diameter state-of-the-art telescope can likely be built within another three

years that will change the future of astronomy forever, while also making
NASA a world class player in several new critical areas. Moreover, th_s

telescope will serve as an Earth-based prototype for the sixteen meter

telescope that NASA is now contemplating for the lunar base.

(5) __ and_ _ An important aspect of the e×terc.al

funded support now being sought is to demonstrate practical power beamtr'g

from the Earth to space for NASA applications. This is described in mc'e

detail in Appendix 1. If the telescope described in (4) above is prc_.e'/
A-9



conceived and designed, it can serve as an early testbed for efficient power

beaming. We propose to integrate a laser (possibly one of the copper

vapor/dye lasers built at the Lawrence Livermore National Laboratory for

laser isotope separation) with the telescope to demonstrate successful

transfer of power with full atmospheric phase conjugation. In parallel with

this effort, NASA will also pursue high power laser development as

described below.

(6) Do Technoloav Oevelooment _to _ FEL: The high-power

beaming system will be compellingly cost-effective if improvements in

Free Electron Laser Technology now on the drawing board are realized. SDIO

has funded development of one module of the required accelerator. Enough

modules must be built to verify that the electron beam quality is scaling as

required to yield the performance predicted by analyticalcalculations.

Some industrial base exists both for NASA to draw on and to team with

(as well as for generation of appropriate technology transfer activities) in

order to achieve the long term, large scale defense, space, intelligence, and

astronomical applications. No integrated systems level effort now exists,

however, to achieve each of the necessary steps to realize the full

theoretical benefits of large segmented phased arrays coupled with high

power Free Electron Lasers. Development and engineering of economical

mass production techniques for the fabrication of optical segments, sensors

and controls is necessary for practical applications. Moreover, development

of the theory and practice of large, extremely law weight, anti-resonant

structures is essential for full exploitation of the related applications and

missions. This proposal addresses all of these needs and will lead to

important optical breakthroughs in a carefully staged, success-oriented

program.

Table 1 lists the principal tasks to be performed in the first year and the

orientation of the NASA leadership. Apportionment of the full $15 million

required to effect the fast track program is also indicated in Table 1. The

additional $1.4 million of FY1991 and FY1992 "seed money" will be used for

start-up activities in each category pending availability of the bulk of the

funding. These start-up activities include detailed concept formulation and

evaluation, prioritization of technology action items, production of working

drawings, site selection, and investigation of environmental issues. The

overall first year effort will lead to laboratory test articles for the

end-to-end beam expander system at the modular level plus detailed plans

and designs for the entire program. Figure 3 provides further details of the

programmatic focus and management responsibilities for the entire three

year effort.
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Table 1" Project SELENE First Fully Funded Year Tasks and Costs

Task I. j_y.._3J_L_J.0_of _ °f _ _2-w-_ j_ $1.5M

o Use of watts via laser rather than transported power units

o Laser/electric propulsion system (LEPS) mission analysis

o Laser power based Lunar colony mission analysis

o Laser power roles for Mars mission

o Cost/value comparison

Task II. _ Exoeriment _ J_C_q.0.; $3.5M

o Relationship between SELENE Experiment and operational system

o System tradeoffs: wavelength, aperture, laser type, etc.

o Overall experiment plan: Guidestar (?), etc.

o Risk evaluation and reduction as necessary
o Experiment development plan" site, laser, laser beam director, adaptive

optics
o Site design and permit applications

Task Ill. _ _ _ na.0__[aJ2tZ_ .QgJZ£._; $9.0M

o System level: overall concept selection
o Sub-system level: wavefront control, beam train, telescQpe, C3, site

o Segment producibility development
o Critical components: wavefront sensor, wavefront corrector, adaptive

optics control hardware, hybrid circuit development

o Computer architecture and software system development

o Control algorithm development

o Detailed development plans and working drawings

Task IV. _ .T.gLm-_ _ _ Oevelooment $1.0M

o Development plans for:

- High energy lasers
- Photovoltaic receivers

- Earth sites

- Electric propulsion systems

- Lunar sites

Total $15 0M
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SELENE PROGRAMMATIC DETAILS

• durin the two week long lunar night. Solar power can
When on the moon, the early outpost developers face the serious problem

" " grole, but it is itself insufficient, at leaof obta,mng power.;o r st .until ..a
and will play a =l,,=j . . -Llished Nuclear power is tecnn_cauy

• . rid can De es_ao •
mrcum lunar .power g e v ex_ensive and would engender major
feasible, but =t appeat_to be extrem_l, _
safety and environmental concerns. Because the moon keeps the same side

facing the earth at all times, however, a real possibility exists for a laser

power I_eaming strategy which will send power to the moon by using ground
based lasers on the earth. This can be both very cost-effective and also

technically feasible and implementable during this decade because most of

the capital equipment remains on the earth, uses earth-based resources, and

does not have to be "space rated." Since the mean earth-moon distance is

about 384,000 Kin, a 10 meter diameter projector aperture with a laser

wavelength of 0.8 micron would project a spot on the moon only 80 m in

diameter if near diffraction-limited performance can be achieved. The

illuminated area (5000 m2) is small enough for the astronauts easily to

unroll photovoitaic cells directly on the lunar surface. For 10 MW of laser

power transmitted and 30% conversion efficiency on the moon (already
demonstrated for laser excited photovoltaic cells at 0.8 micron), 3MW of

power would be delivered to the lunar base. The power density impinging on
the array would be about 2 kW/m2, or roughly twice solar. Array cooling

would be passive. An astronaut could walk through the beam and survive, and

a special filter built into all spacesuit helmets would protect eyes from

scattered (invisible) infrared laser radiation.

Since the earth's atmosphere distorts the upward propagating beam, some

form of adaptive compensation will be essential. If one places a smaL

telescope with a low power pilot laser adjacent to the array on the moon, th_

returned beam sensed on the Earth would provide the phase conjugate reference

for correcting the outgoing power transmission beam. This system is ther

termed -cooperative", unlike the -uncooperative" targets of the military, anc

the required performance will be much easier to achieve. Further, thi

"essential reference beam" approach makes safety easily accomplished on Eartl

because any aircraft that begins to penetrate the outer diffraction pattern wi

be detected early enough by a simple radar system to turn off the high powe

laser. (The reference signal can be cut off and the laser pulser stopped w_thi

a millisecond.) Non-linear atmospheric propagation problems such as therm;

blooming are not expected to be significant because of the large aperture ot th

transmitter and the relatively low power level compared with laser wea_o

needs. A-13



In addition to powering the lunar base, such a system could also deliv_

megawatts to a small, efficient photovoltaic array for electric propulsion fror

Low Earth Orbit (LEO) to Low Lunar Orbit (LLO) or partway to Mars. Three grout

stations on Earth would be required, located eight time zones apart. Two woui,

be within sight of the moon at any time, and the third would be available fc
propulsion missions.

To prove feasibility of this concept, an impressive short ter=

demonstration is the central focus of the proposed joint effort of NASA wit

DoD and Industry. The experimental telescopeibeam expander described abov

will be integrated with a kilowatt-class lase_ to demonstrate effectiv,

diffraction-limited power transmission to (he retro-reflectors at the Apoll

sites on the moon and to the I._GEOS geodetic satellite. The experiment may I:

located at an existing NASA sitq_., or it may be desirable to find a bett_
location.

the aperture size increases because the illuminated area on the

smaller and the return signal is proportionately brighter. A
complication is discussed below in Appendix 4.

The technical parameters of the experiment are summarized in Figure 4.

can be seen fhat the power levels to sustain full adaptive correction fl

atmospheric disturbances are reasonable using only the return from the lun

retro-reflectors. Interestingly, the required laser power actually decreases

moon

possib

When the beam is successfully coalesced on the _tro-reflectors, the retu

wave will be easily visible in binoculars. It will appear a_,,a 4th magnitude gc
star within the horns of the crescent moon. This will draw world-wide inter_

and will clearly establish technology innovation as a n_Jor factor in the L
space l=l_ograrn.
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correction
dUdIJt, lVU

• Number of photocounts per sub-aperture per frame

"

• Parameters used for calculations:

N_

Jo

n
D
T
hv
E

R

ro

PRF

a=

PAV

Definition

Photocount per sub-aperture per frame

Joules per pulse
quantum efficiency
transmitter aperture diameter
transmittance of atmosphere

photon energy
transmittance of optics

range to moon
atmospheric coherence length

it 03 pm

pulse repetition frequency
wavelength
corner cube cross section

(Jo)(PRF)

Value

0.8

2.5x10.1_
0.8
4x108m

O.lm
10=lsec

0.8 _l,m
1.7X 10 sm2

SR

• Average power required for

varlous aperture diameters

D (D):

400

go0

1,600

2.7Kw

1.2Kw

680w
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Appendix 1: ALTERNATIVE SPACE POWER, A CRUCIAL PROGRAM

National priorities now evolving call for establishing permanent outp

on the moon, hopefully during the next decade. The moon will then serve

base for science and engineering supporting further explorations to Mars

beyond. Astronomical observatories on the moon will provide for observat

not readily obtainable from earth orbit. Plans call for astronauts to engag

mining operations and, eventually, to fabricate many of their basic mate

and space exploration fuels on the moon itself. All of this will be expen:

and the technical challenge is not just one of putting humankind on the n

again, but of putting people there in abundance and at affordable cost.

major technical challenges lie ahead in finding innovative method,.

implement this national goal. Central to all of this is n_ Energy

propulsion; Energy for building the outposts; Energy for support of

activities on the lunar surface and in cislunar space. A major energy-inter

problem requiring early attention will be dealing with the highly abrasive I

dust, which will be scattered over large areas by each rocket landing

takeoff. This will ne_cessitate preparing a landing area early in the histor

the outpost, probably by removing the dust over a large area to bedrock (t

10 meters below the surface). Such a major operation will require electric

dozers with considerable power. Intelligent planning also calls for recove

useful hydrogen, oxygen and nitrogen from the dust at the same time, sinc_

dust must be processed anyway.
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Appendix 2: RELEVANT PREVIOUS ACTIVITIES

The first workable Adaptive Optics (AO) concept was demonstrated b

Hughes Research Lab in 1971. The supporting technologies evolved rapidly i
the 1970s to develop the DARPA satellite imaging activity atop Mt. Haleakal

on Maul (which became known as "AMOS" for ARPA Maul Observing Station

Major players in this work were the MIT Lincoln Laboratory, Lockheed, Itek, ar
United Techn.ologies. Subsequently in the 1980s, the AMOS site was chosen f(

DARPA/Lincoln Lab/SDIO experiments to prove the feasibility of ground t

space and relay mirror laser transmission with nearly perfect correction f(

atmospheric distortions. Some notable progenitors and effecters of the. _

highly successful programs were Edward T. Gerry, Darryl Greenwood, ar

Joseph Mangano. Hundreds of technical papers describing this work exist in tl-

classified and unclassified literature.

While the above programs advanced the adaptive optics art greatly, th{

engendered only limited technology innovations. Itek continued to develc
deformable mirrors (DM) to be used at tertiary (or subsequent) locations in tl

optical trains of telescopes• Itek increased the number of DM controllab
zones to several 'hundred while also trying to scale up the sheari_

interferometer wavefront sensor used by Itek in the AO control Io(

Meanwhile, Adaptive Optics Associates (now owned by United Technologi(

developed innovative wavefront sensors based upon the Shack-Hartma

tilt-sensing principle. Because of the large technical difficulties, frequ{

equipment failures, and high costs of these approaches, N. (Bert) Massie beg
• Rocketd ne, Inc. in the early 1980s with segmented mirrors

to experiment at.. . Y ,,.,. ....... ,i,, he transferred to Western Resea_
le mirrors. _uu_,=_u=,,,,1

replace deformab ....... _.^ ."-de maior contributions to t
Technoloaies inc.), wnere ,,u ,,,= , _.

(now. Thermo'---_.....mente_ mirrors containing up to 500 segmen.ts_ I ne

clevelopmen[ o.'_==_e d for location at a tertiary position in a nlgn puv
mirrors were inten _,_._-, t,.._.=° i,= nnw at LLNL ana

• er laser system that was never completuu. ,.,°o.,--..-- -
exc=m .... ,..-._ =., , conce tualization of the present proposal
oeen invowuu ,,, ,he P

eanwhile, the art of building large optical telescope mirrors

ev_elo erkin-Elmer, Kodak, and other companies in the 60s and 70s

d peal by 'Pn includm the Hubble Space Telescope. Six surplus mirr

SwP:Cee ,naPePghraC_dbYe;;o e :g_l_Sl_'a H Apklr°PhinYS'Aal oOnbaSeAa_°rY_ tl°a ::'rl_po z r

Multiple Mirror Te P,.--, ,,-,,_ --._ the subject of extensive resea
intelligence telescope calma n_t.,J -°o , ......
was never built because of prohibitive costs and technical shorttat_s. Ro

Angel at the University of Arizona has extended light weight mirror cas'

techniques to the present reach toward eight meter state-of-the-art

monolithic mirrors. Jerry Nelson at Berkeley inspired the ten meter K

A-17



telescope now nearing completion on Mauna Kea, Hawaii. The latter telescope
primary aperture consists of 36 aspherical hexagonal segments -1.8 meters

across which are edge-matched by edge sensors and motorized micrometer

screws. This system corrects only for gravitational and thermal distortion_

and does not adapt for the atmosphere. The aspherical Keck mirrors have been

made with great difficulty by Itek and Tinsley, Inc. Both the large monolithic

mirrors and the Keck-type multi-segmented apertures are still quite expensive

to integrate into a full telescope system (-$100 million without

atmospheric-correcting adaptive optical capabilities).

Attempts Jo build large adaptive deformable primary m_rors have beer

remarkably slow comi__t. For over a decade Lockheed, Itek and othe,

subcontractors developed the LAMP mirror, conceived primarily for 2.7 micror

wavelength chemical lasers in space. Seven large segments about 2 cm thic_

were integrated with actuators spaced at -15 cm intervals to form a 4 mete

aperture. While such systems have been proyen feasible, they are extremel_
'EL;

expensive. A much more economical 3 meter telescope has been built b,

astronomers with the name New Technology Telescoge.: The latter-instrumen
became operable in 1989 and is returning excellent results, but still does nc

correct for atmospheric disturbances.

The other crucial component of a fully adaptive telescope system capable c

correcting for atmospheric disturbances is the reference wave system. If th

target under observation is not bright enoughlto supply the needed photons I

sense wavefront disturbances, an artificial "star" must be created by usin

laser backscatter from the upper atmosphere. DARPA, the USAF, and SDi0 ha,,

conducted numerous experiments to develop this technique under high

classified programs. In the past three years astronomers in France and at tl"

University of Hawaii have_been developing similar techniques for_- astronomic

telescopes. Interestingly', "l;0rn Karr, formedy of Lockheed and now at LLN

Wri_ a concept'stu_ iri" 1986 that suggested using lunar retro- reflectors f

an adaptive optms _edtnent.
.... _ f

4

A thorough knowledge of this historical background underlies the PAME[

adaptive primary aperture approach conceived by John Rather. PAMELA w,II

described in more detail below in Appendix 3. After several attempts,

workable concept was formulated in 1986 by Rather, etal at Kamz

Corporation. Government supported IR&D was followed by a small technolo(

development contract with SDI0 which is on-going at Kaman.

The presently proposed program seeks to build upon all of this prev,o

knowledge base to achieve bigger and better overall telescope systems that c

be achieved more quickly and at substantially reduced cost.
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Appendix 3: SEGMENTED OPTICS

To implement the large low-cost primary and the adaptive optics, we

advocate the use of highly segmented mirror primaries for which the segments

are small enough so that they are also the adaptive element for phase
small segments, several substantial

compensation. When a mirror is made from
advantages are obtained. As the diameter of the segments decreases, they can

become thinner, lighter, and more agile. Thermal distortions are reduced by the

ratio of the diameter of the segment to the diameter of the primary. At the

same time, "mirror seeing" distortions are eliminated because the small

segments quickly reach thermal equilibrium with their environment and thus do

not engender local convection. Calculations suggest that no active cooling

would be required, even for 6 kWIcm2 power density, with a substantial

reduction in cost and maintenance. Also, the mirror can be easily repaired.

Should any contaminating particles be on the surface during high laser power

operation, catastrophic surface failure of a monolithic mirror would result. In

a highly segmented array the damaged segment could be pulled and replaced at

a very small cost. If a typical solid contiguous primary, a multi-million dotlaw

item, were used and damaged, repair would be very expensive in cost and down

time. Small mirror segments can be heated during vacuum coating, and thi_

allows the application of high performance optical coatings. (Coating a larg_

monolithic primary at all would be difficult and extremely expensive.) Since ir

a highly segmented system the segments are light, the weight, cost. ant

performance of the support structure are i

will be realized in the NASA SELENE program.

improved. All of these advantag e(`

• " t of a small (-$2.5 million) SDI0 technolog'
PAMELA is now the. sublec ,., .... ,=,,,, ,,, nrove feasibility of the basl,

- -, ..... * ,-,,ntract with Kaman _.,orpu,==,u-_,,- ,- ..... .-_...,,n ,,tandnoint.
oevelop-,t,,,=.w .. _ , ...... ..,4;n,, well from the _ec;.,,,_.=, _ ," .._
concept. While thiS work Is p,u,.=,=--,, _ ;,,, full ootential. Defense and ctv,La

es not hive the resources to ru=,.,L,, ,,_ ._ ,h,,, _rA beyond the scop
do lications exist for adaptive optical tecnno'u_'=_."'_,'_'- ..sent1 v oropose
app ...... (:rim funcleo researGn. --o _'"" . .Jr. r

and objectives of p.resen¢ ,-_-v: ..:--:,,,,_, and extend it substantiallY.

program aims to ouilo upon prev,uu=, ,-,,,,,

For reference, Figure 5 shows the basic PAMELA concept. Small, essential'

identical hexagonal mirror segments are to be mass produced at low cost Ea(

segment is a precision machine having (1) edge sensors capable of measurir

edge-match of adjacent segments to -10 nm rms across a gap of ~100_m. (

three long-stroke actuators capable of moving the segment +_.100 p.m in s:ro_

and jointly providing segment tilt to a precision of ,V100 nrad rms. ar, c_ /
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microprocessor electronics to combine the local contrc: signals from the edge
sensors with global control signals provided from a wavelength sensor via

optical fibers to compute the drive control signals for the actuators. Since th_

segments are small, lightweight, and agile, they ca,', ,ntinuously move to the

required positions to conjugate continuous phase disturbances caused either by
the atmosphere or by mechanical disturbances to the telescope structure

Because of the very small gaps between segments, the diffraction pattern ha.,

been shown to be quite adequate for critical laser a d imaging applications

The microprocessors for the ensemble of segments work together as a massiv_

parallel processor, eliminating the need for the costly and expensive wavefron

reconstructors now employed _p conventional adaptive optics tetescop(
systems. The control loop can be closed at >1 kHz, permitting corrections fo

all disturbances and allowing the surface to behave as a very low inerti_
continuous membrane.

Because a PAMELA-type telescope structure and its large primary reflecto

can be lightweight and composed of mass-produced identical i_ems, it can b_
shown that a ground-based twelve meter diameter filled alJ_ure telescop,

capable of near diffraction-limited performance may be realizable for unde

$50 million, a factor of ten reduction in cost from present technology. Th

specific mass of space-based multi-segmented telescope primary reflectc

(including support cell) for optical wavelengths is expected to be --25 kg/m,
also a factor of ten improvement.

OI_E USTER
GMENTS

SEGMENT

>10 m

L

Figure 5.
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Project "SELENE"

An innovative,low-cost solution to the need for large amounts

of electrical power for lunar development.

An efficient, low cost method for transportation in cis-lunar

space.

A non-nuclear method for providing high power for radar

satellites and direct broadcast satellites

by

John D. G. Rather, Ph.D.

Assistant Director for Space Technology (Program Development)

Office of Aeronautics, Exploration, and Technology

NASA Headquarters

Washington, D. C., 20546

February 5, 1991 Presentation



BOOTSTRAPPING LARGE SCALE LUNAR DEVELOPMENT

PROJECT SELENE SELENE LUNAR
FEASIBILITY POWER DEVELOPMENT

D EMONSTRATION SYSTEM AUTHORITY

COMPLETION COMPLEllON MAI'ILIRE 20_

EARLY 1994 19_1 (OPEN ENDED EXPANSION)

PROJECT SELENE FEASIBILITY DEMONSTRATION

PURPOSE: TO SHOW ABILITY TO PROJECT NEAR-DIFFRACTION-LIMITED
LASER BEAM TO THE MOON IN THE NEAR TERM.

\ E_lh'l A_

COMPLETION EARLY 1994

COST $80M

B-2



SELENE POWER SYSTEM

PURPOSE: TO PROVIDE MrEGAW ATTS OF ELECTRIC POWER

• FOR LEO TO LLO PROPULSION

• FOR LUNAR BASE DEVELOPMENT

-

COMPLETION 1998

COST $2.5B

qt.ln2?

LUNAR DEVELOPMENT AUTHORITY

PURPOSE: TO DEVELOP SOLAR POWER ON THE MOON AND BEAM
ENERGY TO USERS ON EARTH VIA EFFICIENT LASERS.

.........................= ....._ ¢'_a_o

GEO

mirror1 In high ortOils

B-3

MATURE 2008

(OPEN ENDED EXPANSION
PAYS FOR ITSELF)

INITIAL COST $20B

91, In_'.I
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EI_ECTRON :" "LASER :,.,. :,:.:-<. '-
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....,".,:.

•1;" •:COMPONENT TECHNOLOGI E5 FOR MULTI-MEGAWATT
.... MASTER-OSCILLATOR POWER AMPLIFIER

:'"" ":_,;'_'i" "_, _.,, Accelerator modules4- ,0

" L.,e
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II "4 "°

MILLIMETER

__ _ _" ....

v ....

A IO-METER TELESCOPE
for

AND SUB-MILLIMETER ASTRONOMY

_f.?-
Ip "

r ,i
°.

_e

Robert B. Leighton

California Institute of Technology

May, 1978

Final technicol

NSF Grant AST
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Cluster ¢_
of Segments J,

Segment

>_0 m

Full Aperture

PAMELA -- A LOWER COST

HIGH RESOLUTION IMAGING APPROACH

CONVENTIONAL ADAPTIVE OPTICS CONCEPT

-----4.--- o

PAMELA

Im_MARV

SlCONO_IY

WAV|ImONT

aECON_

COml"RO_

amOClUO_

MIACtO_

j_u, Tr_ om_Z

@

®

O

®

_s_ qm

PAMELA

O

e
O

• :-_._--

@ -.-.--
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TTPM FUNCTIONAL BLOCK DIAGRAM

BEAM INCIDENT
ON ONE ELEMENT

/ / ONE OPTICAL MEASUREMENT

! | .• I V-'__''' ,...............i._.2_....,
i I I = a* *e,ae'-- _ ', iI i L EDGE SENSOR SIGNALS __ , , "-.

i l I CONTROL AVERAGE PHASE1 _ _ ;

.i I ACTUATOR _ _P= CONDITIONING

._[ ELECTRONICS • AP3 ELECTRONICS
:
:

:

...................... SUBSYSTEM CONTAINED ON EACH SEGMENT ...........................

ARRANGEMENT OF SENSING COILS
ON SEGMENT EDGE

-- MIRROR SURFACE

/ _/PRIMARY COIL

/---RELATIVE POSITION OF SECONDARY COIL

WHICH IS DEPOSITED ON OPPOSITE FACE

OF ADJACENT SEGMENT
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MIRROR AREAL MASS DENSITIES AS A
FUNCTION OF SEGMENT SIZE

200 m
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ACTUATOR DETAIL

LEGEND

MAGNET

REAR_°R,ACEO'_E_,ENT I _i_.------,_E_ _...°........ " ........ URE
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SUCCESSIVE OVER-RELAXATION--
SIX SENSOR EDGES

2

sin [w/(N+ 1))

WHERE N IS THE NUMBER OF ELEMENTS ON A SlOE

(N = TOTAL ELEMENTS).
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ALGORITHM TRANSIENT RESPONSE
(SEVEN RINGS OF HEXAGONS)
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SURFACE SETTING ALGORITHMS
STEP FUNCTION RESPONSE (CONVERGENCE TIME)

look

10K

100

10
100 1000 10"

NUMBER OF ITERATIONS

STEPS IN RAPID

EDGE MATCH ALL SEGMENTS

MEASURE TILTS OF ALL

SEGMENTS

APPLY AND FIX SEGMENT

TILTS WHILE EDGE MATCHING

COMPUTE PISTONS OF ALL

REFERENCE SEGMENTS AT

CENTER OF EACH CLUSTER

BY INTEGRATING TILTS ALONG

SPECIFIED PATHWAYS (RELATIVE

TO MASTER SEGMENT)

ADJUST AND FIX PIslroNS OF

REFERENCE SEimlIENI"S AT

CENTER OF EACH CLUSTER

PISTONS OF REMAINING SEGMENTS

WITHIN EACH CLUSTER ARE

AOJUSTEO BY EDGE MATCHING TO

REFERENCE SEGMENT

e REFERENCE SEGMENTS

O oEFINES CLUSTERS

._ POSSISLE PATHWAYS OF
PISTON COMPUTATION

CONVERGENCE

_ -_"H"_.-'Y.(

'4"'

--;--

ALGORITHM
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--Lunar Re tro-re turns
,_,correction _,

"1

for adaptive

• Number of photocounts per sub-aperture per frame

_. Joo,,

• Parameters used for calculations:

Symbol

Nu
Jo

D
T
hv
E

R

ro

Definition

Photocount per sub-aperture per frame

Joules per pulse

quantum efficiency

transmitter aperture diameter

transmittance of atmosphere

photon energy

transmittance of optics

range to moon

atmospheric coherence length
at 0.8 g m

pulse repetition frequency
wavelength

corner cube cross section

( Jo )(PRF)

Value

10 =

0.8
4xlOam

0.1m

10 _/sec

0.8 pm

1.7x 10 S_-R2

p.-

• Average power requiredfor
various aperture diameters

2m 400 2.7Kw

3m 900 1.2Kw

4m 1,600 680w

B-18
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12 Meter Laser Beam Expander
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I_ Meter Laser Beam _xpanaer

PRIORITY TASKS

• INDUSTRIALIZATION OF OPTICAL SEGMENT PRODUCTION

• CONTROL ALG_IITHMS RESEARCH

• WAVEFRONT SENSOR RESEARCH

• GUIDESTAR METHOD RESEARCH

B-20
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Presentation

0o_-01-91

INDUCTION LINAC DRIVEN FREE

ELECTRON LASERS FOR

BEAMED POWER APPLICATIONS

Presented by

Daniel Goodman

Presentation to Technology

Workshop on Laser Beamed Power

NASA Lewis Research Center

Cleveland, OH

February 5, 1991
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INDUCTION LINAC DRIVEN FEL
FOR BEAMED POWER APPLICATIONS

1. Introduction

• Parameters and applications
• FEL radiation mechanism

0 I_FEUCtion Linac Driven FEL
L design

• Accelerator design
• Parameters achieved and design issues

-4-

3. Conclusions

• Program Plan =

SCIENCE RESEARCH LABORATORY
1=l 00 _11 014
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Free Electron Lasers

• High Peak Power Achieved ( P > 10 GW )

• High Average Power Possible (P > 10 MW)

• High Efficiency ( rl < 50% )

• Tunable over entire spectrum : visible - microwave

• Applications include::

- Advanced accelerators

- Advanced radars

- Heating of fusion plasmas
- Medical and materials research

- Directed energy applications
?

.-a.

SCIENCE RESEARCH LABORATORY
135OQ¢2110OJ
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FEL POWER LEVEL ACHIEVED

1013 r

1012

1010

II
••&Jk•

FELACCELERATORTYPE

• ELECTROSTATIC

• PUL_E-LINE-OIOOE

• INDUCTION LINAC

• f-f LINAC

_1,STORAGE RING

102/L 10 "1 cna 1 cam 10 cm

WAVELENGTH

PULSEO
POWER

MICROWAVE
SOURCES

.'.".'.':::::::
.o.°°-.°.....-. %o.

:i:i:!:ii:i:i:]:

...... .o..

MICROWAVE i]]]
TUBE i::.:

.-._

TECHNOLOGY !:i:
.o.,.

SCIENCE RESEARCH LABORATORY
,i3dL0G enos 004
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FEL RADIATION MECHANISM

• AxiS_ bunchy, gcombined wiggler and radiation fields

coherent radiation generation
- trapping by ponderomotive force in "buckets"

• Tunable by varying beam voltage

2

)L= %w (1+ a2w/2) / 2_,o

output

wiggler B radiation

. _ magnetsF...--_-x w'''-'_ _ k

spent
e - bearT

injected interaction

e - beam _,/ length

SCIENCE RESEARCH LABORATORY1_ t:O oBl't al_
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FEL RESONANT GAIN MECHANISM
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PHASE PHASE

• Initially Random Phase

• Trapping in ponderomotive potential

SCIENCE RESEARCH LABORATORY
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FEL RESONANT GAIN MECHANISM
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• Resonant energy transfer particle to wave

• Saturation can be delayed by tapering

• High efficiency possible ( r I - 50% )

SCIENCE RESEARCH LABORATORY
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• . ". 7SRLINDUCTION LINAC DRIVEN FEL
_. FOR BEAMED POWER APPLICATIONS

ttgEO'rOfl

t'--

120m

40 m

sismmue

SCIENCE RESEARCH LABORATORY
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FEL Design Parameters

• Radiation Wavelength _.= 1 l_n

• Average Radiated Power P= IOMW

• Peak Radiated Power P= 10GW

• Wiggler Wavelength _w = 4 cm

• Normalized Wiggler

Magnetic Field

aw = 1.2

• Wiggler Length L=40m

• Wiggler Design Hybrid permanent magnet /

electromagnetic wiggler

SCIENCE RESEARCH LABORATORY
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SNOMAD INDUCTION LINAC

J f:

-Z
-f- --f-

T2
,ioat3.70llld PFL

gt 2iis'4OOns i:$

IOps.2pS 400ns-120nI I J ! 20¢bs. 40_s

Ae.r.•l_'=wc•ml :
Q

• Nonlinear saturable inductors
• 400 VDC converted to 100 kV, 50 ns pulses

• High (20 kl-lz) repetition rate

SCIENCE RESEARCH LABORATORY
_m_ mm et.!

SNOMAD ACCELERATOR SPECIFICATIONS

:!

SNOMAD IV SNOMAD-V

• Energy/Module 1 MeV 3 MeV

• Acceleration Gradient 1 MeV/m 3 MeV/m

• Current 800 Amps 1 kA

• Pulse Flattop 70 ns 7 ns

• Repetition Rate 10 kl-lz 20 kHz

• Design goal optimum S/Watt minimum S/volt

SCIENCE RESEARCH LABORATORY
mc, smm am

:_' C-I1



SNOMAD-II VOLTAGE AND CURRENT WAVEFORMS

Voltage
(200 kWdiv)

Current

(200 A/div)

• Present injector has achieved necessary voltage and
current.

SCIENCE RESEARCH LABORATORY
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SNOMAD-H TECHNOLOGY DEMONSTRATION

200 microseco-ds/div

1 msec/div

200 msec/div

• 1 kHz continuous operation
• Pulse power technology similar to proposed SNOMAD-IV

based accelerator _.u,,.

SCIENCE RESEARCH LABORATORY
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PREDICTED SENSITIVITY TO VOLTAGE
VARIATIONS DURING PULSE

I ° I ' I '

L.
e3

O
12..

LL.
Or-

O
_D

13..

I _ I
-.02 O.O0

dE/E, Froct ionol
.02

Energg 5l¢w

.O4

• FRED* calculation shows that +1.5% variation is
acceptable.

t Courtesy of H. Shays/LLNL
mmO_

SCIENCE RESEARCH LABORATORY
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ACCELERATOR DESIGN ISSUES

• Output Voltage Flatness

. Minimization of Number of Betatron Wavelengths
to Reduce Cork Screwing

• Beam Break-up

• Timing Jitter

• High Repetition Rate Operation (Fast Resets,
Oscillation Damping)

• Bussing Design (Individual Coaxial Lines,
Ferrite Isolators)

• Most of these issues will be resolved in the first year of the proposed program

NNWm

SCIENCE RESEARCH LABORATORY

PROGRAM STATUS

SNOMAD-IV SNOMAD-V

• Beam Energy 500 keV 1 MeV

• Beam Current 1 kA 1 kA

• Pulse Duration 50 nsee 5 nsee

• Repetition Rate 10 kHz 20 kHz

• Accelerator Gradient 0.7 MeV/m 2 MeV/m

SCIENCERESEARCHLABORATORY
i_oomBt am
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PROGRAM STATUS

Focus on all-solid-state SNOMAD IV technology
- lower risk

lower cost/Wan

• PHASE I (FY 1991)

• Fabricate and test 1 MeV accelerator module (1.5 MeV total beam energy)
Measure - Duration of flat-top beam

Beam emittance
• Design wiggler

• PHASE II (FY 1992)

• Extend beam energy to 6.5 MeV by fabricating 5 additional modules

Measure - Beam eminance and beam instability growth rate
• Perform wiggler design verification tests

• PHASE [] (FY 1993-5)

• Fabricate50-I00MeV inductionacceleratorand wiggler

SCIENCE RESEARCH LABORATORY
rm Im mm ii

CONCLUSIONS

lo

o

*

Induction Linac Driver FEL _ - 1 lain)

- High (1 - I 0 MW) average power possible
- Beam quality (emittance, voltage flattop)

needs improvement

Several design goals already achieved
- High repetition rate
- Low cost
- Reliable ( > 10n shot life )

Program addresses design issues
- Beam emittance and energy spread

reduction by injector geometry design
and feedback control

SCtF.NC_ RESEAFICH t.ABORATORY
m_ilmem
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PAMELA

(PHASED ARRAY MIRROR, EXTENSIBLE LARGE APERTURE)

LIGHTWEIGHT OPTICS USING
SEGMENTED PRIMARY MIRROR

TECHNOLOGY WORKSHOP
ON LASER BEAMED POWER

NASA LEWIS RESEARCH CENTER
CLEVELAND, OHIO

5 February 1991

Greg Ames
Kaman Sciences Corporation

KAMANJ

BACKGROUND REVIEW

The _ril;i-_ ui tl.: w¢_rk to b¢ prL'_c:llle `i here m.iy be lra¢c.'d to ,in lltk'rnJlly IondeJ d,:v¢l¢)pn_:.l w|ll=il| she

KAMAN DlVt_t'_i_)cd T_hnoiosies Group whKh t_ok pl,lc_ m ]_b This work was il|iliaivtJ arid dirct'lL'_t by l)r Joltn

Rather and it success|ully resulted in the complelmn _ iopdown system levd It•de sludies and |he i,l¢(iltillun _ a

new approach to designing and buildin s Large aperture telescopes, it bi_ame known _ the DAMEIA TM cuno.'pI,

which is an anad'onym to¢• Phaised Array Mirlror Extendable to Large ApertureS.

As part ol this work we sel about idenlifying the ne_e._ary lechnoiogies which make Ihi$ a |ea$1bte con¢_E.pq. Whcr_.

necessary, as in the case 0_ the edge _ to be discussed here, we even prucee_=d to invent new techncdogy bases

to insure Ih•l the <oncepI woukJ be capable oi atlaining all ui the quantilalive anJ qualilalive goals we haJ set

Wh_ire appropriate, we also conducted prooi-cff-cL)ncupt It, Sis to assure uursc.lw.'s thai we were ind_..eg on the nl;hl

track. By mid August o/ 1986 we had advleK'ed the PAMELA TM cor_L'pt Io a sul|i¢_un! level ul malurily to bx't;in

>halrinl; Utllr r¢-_ulls wilh inl¢'resl¢_J p.Irtk.'s wilh.i th_ i;ovurnm¢'nl.

Several palents were |iled as • direct mull o_ this effort and by 1989 we had Ix,en awarded p•lenis olt e,u:h u_ the

Ihr_ I¢Jpic'_li_,le_.l: Ihe PAMELA''= syslem al'chiic'cture; the edge serisor_; and an vledrumagnetlc aclualor ()uly Ih¢

edge >c,._4._rsw,II L_ di_'u_,,.'d in any ,.Iciail IM..fe.

By July ol 19_ KAMAN receiw.'d its lil1.l conira,;I to produce a working ;,,b>cale dL.moil'-Iralor I¢_r the I'AMEI.A''=

concept This cemc,:p! wa_, awarded Ihrough tiM.. U S Army Sira|egic D,..h..rise Command ,i,_d is pinlly funJ,.'d by

l,t*dl J)AKI'A J,ld Ihc 51)1{) l! ,_ a Ihr,.'t. |_hax' I,r=_r.-- ,_i_d wc .=r_..t¢irr¢.illly" llC,ilfiil_ ||l_-° mMJt_' _,1 I'ha_L. II A_,.,

rL.:,ti|l t_l Ihl> C¢)lllrat.I wl# havi_ iit...llJl_ _.ll_ltlliC,|ltl .li.lValt,=l.'_, ul Ih¢- ° >(.lle ¢)| Ih¢ e_lge x°ri_)r I,._.hli¢)l{%y II IS ,=ur hol_'

thai |_y pl'i.._L.llllll_ |ll_."_." r_'_.ll_, hi:re h_lay wu will i,¢,,vl_lc i|l_.. .if_ lllll.-i, I_, ill IJf_e ,_t,ll* JI _,y>ll ii1_, wiIh y_.-I _lli¢_lhl..f

I_ D I



f
1986

1989

BACKGROUND REVIEW

1989
ARMY STRATEGIC DEFENSE COMMAND

• Funded by DARPA, SDIO

• Three Phase Program

• Technology Demonstration

KAMAN DEVELOPS PAMELA TM CONCEPT

• System Level Trade-Off Studies Completed

• Identify/Invent Enabling Technologies

• First Proof-Of-Concept Tests Conducted

PATENTS AWARDED

• PAMELA TM System Architecture

• Edge Sensors

• Actuators

• Wavefront Sensors

FIRST CONTRACT AWARDED THROUGH THE U.S.

KAMAN _/

I'1 IASE I TEST CONFIGURATION

In order to actually, demon_O'ale the abttily o_ the edge sensors to be use_ to phase match two s_ment$ we alta_:hed

one s_nsor pair Io a s_ o_ segments and conlisured them foi" testing as shown With this set-up we were ab_ to

demonstrate do_d-Jcop edse matchin s at • bandwidth oJ I00 Iiz.

D-2



PROGRAM OVERVIEW

PHASE 1 GOAL
• Demonstrate closed loop control of the common edge between

two segments at ;L/20 rms ( ;L= 632.8 nm)

@Q

I t
Active Target

Sensor Sensor

" } s_,/2OrrrB

KAMAN /

PROGRAM OVERVIEW

PHASE 2 GOAL
• Demonstrate k/20 control on all edges of a segment while

simultaneously sensing and controlling its tilt
Oisturbable

Tip/Tilt Mirror

Wave front

S_n=o¢

Control

Circuit
Actuator

Dflverl

Dtsturt_rtce

Generlltor
Actuators

x : Passive Hinges

• KAMAN /



PROGRAM OVERVIEW

PHASE 3 GOAL

• Fabricate a 36 segment demonstrator that will:

- Produce diffraction limited illuminated target images in the

presence of:
atmospheric turbulence
thermal deformations
large scale optic fabrication errors
optic misalignments

- Stabilize target images (remove tracking jitter)

\

- Demonstrate rapid retargeting within the instantaneous field
of view

- Transmit a diffraction-limited laser beam to produce airy disk
on target

PAMELA DEMONSTP_A_OR
SCHEMATIC DIAGRAM

D-4



MIRROR AREAL MASS DENSITIES AS
A FUNCTION OF SIZE

MIRROR AREAL MASS DENSITIES AS A FUNCTION OF SEGMENISIZE

2OO

! 15

IOO"

m 2

75'

0 ........ • ........ u .......

I0 I00 I ULILI

Sogn'mn! Size (cm)

KAMAN

f

SEGMENT DESIGN GOALS REVIEW

SIZE

WEIGHT

MATERIAL

STIFFNESS

SURFACE

COST TARGET

7 cm flat-to-flat hexagon, .82 cm thick

,;1 oz.

Silicon Carbide

1st Resonance >-5 kHz

Figure: Flat, < 1/80 wave rms
Roughness: < 25 Angstroms
Finish.-" 40-20 scratch-dig
Coating: Metallic film, _>98%R, Broadband Visible,

Protective Overcoating

$5.9K (tooling) + $2.9K (substrate) + $2.4K (coating)

D-5
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CONVENTIONAL AI'PKOACtl

I'rcvh)us rL,-_earcl_.'t's had employed varlu_,s _'hen_'s to illsure L_J_e malL'hin)_ ¢){ ¢)pticJ| >¢,_m_..fll$. Iiy I.zr the utu_,l
-- Lrre As _,hown a dimen'-ionally .,,labt_ material :_ucll as UI.E i '_ u_..d |u h_rm

lypical approach L_ J_plcle_ n ' - , " _ ........ m,mlS Ollen a pair ot _i.'nsinl_ elements is u_.%l ,n
• ..... el -..I,qe' whic_lbriJ_e_meSap_tw=g _-6 -"canlliuvere*z la,l _ ' mJrmal tO the {l_t _.uriace c_ Zinc

di[|erential pair arrangements to sense the motions o_ the target paddle whi_:h are

mirror tk)th inductive and capacitive sen,,,ing ta._hnok_l;_'_ have been sw:o.,:*.,_{ully empk)p-_l {or Ihis purpJ_z.

This arranK_n_nt presenl*-'d several unaCcepAab_¢ disadvantab'¢_ JOlt the PAMELA sy'-h.'m. Fir>t, it add_:d ma>:* to the

segmentS, and we were working toward a sotutAXft which necessitated horse numbers ol small, Ii_hl weight, and

inexpensive s¢'1_merits" _ mass o_ the cantik;w-_r rLaative to the se_o_t mass wu_dd I_ u,acceptably high I_r

sc._melil tiz_.'_ oi mlefL'_t IO us.

5L<ondly. we w_:re ,',¢'L'ling a >y,.,luUl archilL'L'turL" which _luld be ulilizcd |or hitch ul_.'_y beam dir_,dori. I'rolc'clull

tl_ cantilever [tom the _ner_y leaking through the _aps would lurther complicate the utilization u_ this appr o'u.'h to

eJi;e sensing Likewise, Ihe dii|iculties ul inslallin$ lar_;e numbers ol inlurl_kint; rSC'tJm'l"nl$/S_:llS_')rs was SU[{iCl¢'lll tO

cause us to seek other approaches

Finally, this ll-'chnnlue rclh:s Io_ heavily on Ihe mechanical :_tabiliiy _ two _on->ymm_.'trical >lrtlctul'L'a.

CONVENTIONAL APPROACH

DISADVANTAGES:

• Added mass of cantilever

Cantilever subject to ther-
mally induced distortions

Installation is complicated
significantly for large num-
bers of small segments

Measurement point is
somewhat removed from
condition being controlled

\
q_

D-7

----- KAMAN y



KAMAN'S AI'I_ROACll

Previous $yslem level sludies had eslablished certain qualilallve re,_.lUlr_nlenls |ur Ihe sul_ment _dSe m,ltLhm8

_c.nsa_rs such as eas_ ua" u_ and as,._mbly, c_:unumy and reliabdily, "in tile _ap" measur_/r._n¢ as t,'lu_ Iu tl_ Ironl

surlace as Ix,'_bie, and noncontaclm 8. Key perlormance issues were also ,l,Jdress_. In particular, Ihe._e sensors

would be required Io measure the piston errors Io • hish degree c_ accuracy a| hish I_ndwidLhs. E_l*males o/

bandwidth requirements as hiBh act 2"7 kllz Brew oul o/our need lur an edEe sensor which inlruduced minimum

phase shift Io Ihe nesled contro4 _ which will be required.

Afler esh,bllshing Ih_! Ihere were no commercially available Iransduce_ which met these needs, we embarked upon

an inlernally funded research and development program to develop one. This resuiled in KAMAN's I_lenced ed8 e
suJl_Jrs which wure _.lx._ifically inwmled lu fill Ihis m._..d.

KAMAN'S SOLUTION

Mirrored Suffice

._iP-'..-'_.."..':".-"i!_iii!i!!i!-_'._'i..'!iii!i!!!iiii_[ _.."..'..'.-'..'.-'.'-.-"iii._ii'_i!!_ii_i."_."iii iii ii

indu_,, vadal_ coul_Un¢I1_

Absolule, sslf-mMm_

No contact, no connections across gap

Sensors attached direcUy to edges

High bandwidth (>20k Hz)

Wide dynamic range (>95 dB)

D-8
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FUNCTIONA L SCHEMATIC

_rics rc,_unanl primary cuds on the "acllve e_Jge" ul"one _._ment mdz,,'tivL'ly cuupk., to twu lunLJ _..ctmdJry l'_d_.

on the "passive edge" o_ the ad_l_c'ent segment. One passive coil is tuned slightly above resonance and the o4her

slightly below resonance. Any relative motion between tlie edges causes a change in the complex imp_Jance u( the

primary which in turn produces a change in the phase relatlunship between current and voltage. This phase cha.ge,

used to produce a contro; signal |or the actuators, is linearly related to the relative molion I_.lwc'_n the _..gmant

edges.

The tuned secondary coils are completely passave, thus no wires need bcidge the gap I_tween edges. TI_ null |_nt

is dei'im.,d by ¢he plane o6 symn_'lry where Ihe primary equally coupk:s with both halves o4"the _.,,condary, Ihus the

null I_i-t sl_mld be insensitive to changes in gap s_parat_m or tamp_..ralnre. _nce the _.cundary can I_ lunL_,l, it

can bu m._Je Ix_h extrenw.4y _n>ilive and linear.

\

FUNCTIONAL

I'aumive Side

_aon of Travel _

Syncknm4me Demeclulaloc

SCHEMATIC

Passive Coils

KAMAN
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DESIGN GOALS

The specific" periurmance goalls for Ihe edlje s,..nsu_s were e_lal_ished at Ihe *_,t_'! ,Ind arc. _llmm.lrlz,..d ilL.re.

The minimum range requuement is really the capture range ot the s_nst.)r and is largely driven by the i_ru_,s edt_e

malching errors present in the initial unp0wered array •t turn-on. This reguiremen! ,s mainly a rellecliun ul Ihe

exl_Cl,.J m•nu|aclurin s Iolerances of the support structure and actu•lor/sa..Gment as_..mblies

Nominal gap was eslablished primarily as • mailer of practical convenience/or Phase I. Resolulwn and accuracy

requirements speak for themselves. Boah are broadband requirements. The accurac 7 requirement results from our

need to achieve )./20 edge matchin8 at ).-632 nm. This accuracy requiremen! was to inducke lempesalure varialJ_m$

of _ 1UeC.

We d,._'ide to roll off Ihe frequency response o_f Ihe s,c.nso¢ al I0 kllz. since our ,Ios_J I_p bandwidlh for this pha_.. ,_i

Ihe developmes_l was t_n lh_ older ol a |ew hundred herlZ. At li_S lime we do no¢ know o_ any limilinlJ |,hc:l_.mes_a

which wdl prevent us from opening up the sensor frequency response Io 30 kl Iz by _imply oh•hi, in 8 Ihe corl_,.ir

IretlU_l_cy of the s._il_il fill,cir.

Since we were working wilh s,._menls _t a l_wen size, the L_IBe _'nsors had Io L_ _mall enough |o Ill on lhe L'd_c>

We I'¢:il Ihal Ihis was about as small as we could _o wilhoul inlrodoclng >il_nllicanl coil pl,_emenl maccurac_'s al Ihis

lime.

A Sl_I._.']Ii'C design _Oal i5 to achlt:ve our p,urlurm.Jl..e reqt,lrt_.mL.t_l with fairly low c,_mplexlty eleclroil_cs. "l'h,s is

L_'cau._,¢" we uliln_,,.ilcly plail to irR'urpurale the" (.'l|lire _,i_l|.ll _=fldlllOrlin_ cite=ill [or Ihc c,d_e .s¢,ll_)rs tin a _,ill_le IC

Our t_hlh_*,tfl_y l:_ tidal it I> ca_|er Io slarl simple Jnd add (L>n_l*|e_|ly where nc_nJ_l IhJn II is Io _o tl.: Ulher wdy.

DESIGN GOALS

PERFORMANCE REQUIREMENTS:

Minimum Range +200 pm

Nominal Gap 254 I,Im

Resolution <20 nm rms

Accuracy <30 nm rms

Bandwidth > 10 kHz

PHYSICAL REQUIREMENTS:

Small enough to fit on the edges of 8 mm
thick segments

One sensor site per edge

Low complexity signal conditioning

KAMAN
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] RANSFER FUNCTION

I h:re we >,._ the lull >¢a1¢ Iralu, ic_r |unctwn u_ the L_J_c _ri_rs. 111,this Lilart. I1_.. _-.ile I._clor is JL, t r,..'abiit_ J,_ Ih,J gap is

increa_.J lurm 50 Io _ pro. The vertical scale, which is m unils o| VL._, rc,pruucnts the >ignal k:vcl L_.lore tim gain

and oii:_:t and linal oulput filler stages o| the signal conditioning circuits. _ it is evidenl that the :_l.,n:,_r rL'_luirc,J

very little ¢lL'Clrunic gain in order to achieve Ihe lO mV/pm output scah:lactor.

Note that m i1_ re'skin meat 0 displa_t the edge =a_ns_r appears Io be in_nsilive to chaligcs ill gap. Cart..iul

analysis oi" tile dala inc_cales thai indeed I'o¢ a given gap we can tune ll_ edge _11,..qors llx" nunlmum _n_ilivily k)

gap changes. (Less than 25 nm for a 14 pm change in g.xp dimension.) Furtl_rmofe, we can tune Ihis _nl to

c¢_nciJ_ with Ibe IX_ilion at which the ironl surfaces ol the s,,_menls are prc.cis_ly phase matcl_..d. This is the. rL'l;_n

we rcler Io _ the.' null |_im.

SENSOR TRANSFER FUNCTION

4.6 "r'-"_ .... ";.... T .... l..... _'-"_ .... i .... "i Gap
, , J

• = J j j J_ . I ..... L_._.[ .... l .... i -
"='_' _"/ .... I .... I "- -t I I I I =- idiom

_.__-__ j j. L L -_ i .... J

.2 _--, .... , .... , .... ,'-', .... , , I ° ,=,-. ___ j. i .... L._.a .... !.... J.

"'_ .... -t_"_._._ .... i i i , ! [ _..=0,=i____]:_ L ._.L._.J. .... ! .... !
Vdc -Z4 .... _ .... .-'-" ,-"'f¢_.: - i I , !

I , ' _'=..= , i l J

.... .... .... .... ....;.... ' I."
J _._;.... ;..... _.... _--._, .... , _.-_,.

-3 ---'J .... ] .... .L .... L .... L. - - 1 - -_q_L"_r_"_

,, I I I-_ I I

-200 -150 -100 -SO 0 ._ 100 150 200

5hea_ Displacement in pm
t

Sensor output voltage vs. edge mismatch in micrometers.

KAMAN --'/
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i'ERFORMANCE SUMMARY

Thz_ tJbie pre_nl,_ a summary ui the pL0r|o_rmance parameters which wore Vl_ilied in Phase I. hr_.i, .ulu th._t we

have considerably i_realc_r usable range than we need. This ,s largely a iunctwn ut the coil >lze. Thr, _lws us

conlidunce thai we will achieve equal or b_lt,:r perlormance in l'hase II when we 80 to smallur >¢n,-m_ coils

necessitated by the thinner s_menLs we expecl to be using.

The Sap specified is just a rellectiaxt 04' reconumended operating condition. TIM.,_re is really no reason thai I1_ _.nsuc

can m_ be uperaced al even smalle¢ gaps excel_ lu¢ the praclicai dil'ficullk..s a_0cialed with K.sling and im, lallalkm.

As we prut;ress Io smalk,f coil.s,we will alsomu_ likely Iry lu work at a gap dimen_mn u_54)Io 10LIpro. This should

have a p_ilive impa_:lon r¢.'_ulion and ao.'_ur_T.

Scale/actor and noLse peflormance are both salis/actory, but the null slabilily vs. temperature is a big cuflcern a_ this

lime. We were surprised Io see this numJ)ef so hish since our initial analyses had led us Io b,:lieve thai the sen,_xr

shuuiclrespond to lemperalure chanses m much the same way Iha¢ it responds Io sap changesas ._.en in figure 314.
Unt'c.,rtunately the problem really only became clearly eviClen! rather lale in the prol_ram and we were uns, K'CL."_|Ul

in our u|forls to cumpensJle [c_r the e/l¢_t in the lime remaining.

In recenl weeks we have made consiClerab_prosress in developin 8 a comprebens_vecomputer model which su Jar

has substantiated our initi-,I expc'clalK.,,ns. Thai is. the sensor :,hould be ilis_nsilive to lempcralure chanl_c,_ over

some r_:l;Junot ,_..rathm and thai re_mn may be made to coincide with our de'_iredoperalin& penniu,r null pJinl aS

we call it More work is need on this computer model b_lore we can be ab'_olutelycertain that the,._pr_.-cb.clions are

,.iccur _l[e however.

PERFORMANCE SUMMARY

PARAMETER

Ra_
Gap
I..in_arilyEnm
Scale Fac_

vl. Tm,m
vs. Ten11_am_e

vs. Time
vs. TenN_aUuce

Nug PoimStyli
S_o_ St_t_

I_11 Ac_s;rnerd

CONDITION

no_
O.W..,Ok) I0 k_'Ll_

55"F < T s 95 "F

over 18 hour_
I0 "C £ T _ ,44"_

_Ga_s _4.m
6G,_ ,I00 Mm

iN. TYP.

_:200
100 20O

0.7
32

-01

31

MAX.

±1500
30O

2

2O

2O
0r_

IS
4O

25

UNITS

am

% o_FudlRange
mV_m

nm l_ak-lo-l_ak

m15

mv'C

"_m
_m

\
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/_EDGE SENSOR: COIL INSTALLATION COMPLETE_'_
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PROPRIETARY INFORMATION

ACTUATOR REQUIREMENTS

LONG STROKE (> 1501_m) REQUIRED FOR LARGE GROUND-BASED
MIRRORS TO COMPENSATE ATMOSPHERIC TURBULENCE

HIGH BANDWIDTH IS REQUIREDTO COMPENSATEATMOSPHERIC
TURBULENCF_ESPECIALLYFOR LOW EARTH ORBIT SATELLITETARGETS
(> 3 mz)

PRECISION REQUIRED IS SMALL FRACTION OF OPERATING WAVELENGTH

PUSH-pUll ELECTROMAGNETIC ACTUATORS CAN MEET STROKE, FORCE,
AND BANDWIDTH REQUIREMENTS WITHOUT HYSTERESIS OR HIGH
VOLTAGE

DYNAMIC PERFORMANCE CAN BE IMPROVED BY INTEGRATING A
POSITION SENSOR INTO EACH ACTUATOR ELEMENT SO THE SEGMENT
CONTROLLER CAN DRIVE SEPARATE POSIT]ON LOOPS

KAMAN --
AE._OSP_'_CORPORATION

ACTUATORS: TRADE-OFF STUDY

SEGMENT SIZE SEGMENT MASS AND
(¢m) MOMENT OF INERTIA

(Or=ms. _)

DISTURBANCE

FORCE
(Nrms)

ACTUATOR
(WIN*2)

%_

ACTUATOR
(groms)

PARAMETERSSETBY SYSTEMREQUIREMENTS

D-I4

AREAL DENSITY
(kg/m'_2)

KAMAN --J
_K;I COCeOKt_
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ACTUATOR: MAGNET INSTALLATION

KAMAN

Coarse/Fine Wavefront Sensor Optical Layout

-" exagonal Subapertures (7 Iotal)
from Telescope

focus

"I ,o_._ _,n.w_a_--.__
J 50/50 Beamspliller 95.88 103.4 mm 60 mm

Coarse WFS arm

focus

___ _oaO_e,,
38 mm 0.93 mm

Ratio of Fine to Coarse Lever Arm_

= !25 m/3893mm
= 32.12

KAMAN -j
D- 16 ,_,_E co_o_no.



COARSE WAVEFRONT SENSOR

Co_rect0ASC_-90-C-00_. COALBe07.IVg0

ICAMAN -_
_AC[ CO(_PORATIOH

r
OPTICAL TABLE LAYOUT

KAMAN -J
D-17



W|IIIE LICIIT F'RINCF.,,S

This ligure shows the while light Iring_s wh'ch w*:re u:_ IO find Ihe iniloal zero pa,,ton error i:xJsitio41 b_..iwL, en the

s_,_mt:nl$. N_e Ih,lil Ih_ Irin_le.s are oi diJ|eren! ccdurs and thai the oe'nlral |rint;e (the darkesl |rnnge in the picture) is

almost completely coloeless. This allows us to unambi_uously determine wh|ch |tinge Is •ssociated with • hinse o41

the opposite segmenl. The Iringes shown in Ihis picture •re continuous across the gap which means lh•l the

sesmenu, are aligned at lh it time.

f

WHITE LIGHT FRINGES

I t3O/9OOt 8

D-18
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CONTROL SYSTEMS
FOR ADAPTIVE

OPTICS TECHNOLOGY

TECHNOLOGY WORKSHOP
ON LASER BEAMED POWER

\

5 February 1991

Albert Lazzarlni
Kaman Sciences Corporation

___._ I[AMAN J

PRESENTATION OUTLINE

• Brief Overview of the Wavefront Control Experiment

DIO/AFSSD Program, part of Starlab Mission
- SJ .... --,--,-,able Mirror (Continuous Facesheet)
- Memoranu umv,,,,
. teral Shearing Interferometer (Wavefront Sensor)
. _aontrol Algorithms Appropriate to Meml_rane Mirrors

. Introduction to PAMELA

. SDIOIDARPA Program
mented Optics (Sized to Appropriate _0)

ES_gde Sensors - plus - Segment Tilt Sensor .
c(_gtrol Algorithms Appropriate To Segmented Optics

\
E-1
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WCE Missions

• Demonstrate use of adaptive optics to correct wavefront

aberrations on incoming optical beam

• Demonstrate simultaneom optical wavefront'correction and

outloin I beam trammisslou

• Demonstrate hierarchical control

• • Investigate Image sharpening.

a method to control a deformable mirror without a wave&out sensor

KAmUmJ
COV_mA11011

(
STARLAB/WAVEFRONT CONTROL EXPERIMENT

E-2
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ADAPTIVE OPTICS FUNCTIONS

OPTICAL ABERRATIONS DIFFRACTION-LIMITED
pERFORMANCE

MANUFACTURING X

ERRORS _ SMALLEST TARGET

MICROGRAV_ " -- ADI_APT, _
REI.JkXTION _ [_ IAMT_AQ| FOR BEST

CO.PONENT _ VE "

.,SAL,GNMENT // " OPTICS I _ mxmu-

o....,c.... - / ] ...m_..o.,..o,..c,
THERMAL GRADIENTS ' ON TARGET

KAMAN J
Aerospace Corporation

f

ELECTRO-OPTICAL SUBSYSTEM DESIGN

ICAMAN _
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OPTICALSCHEMATIC

;AS!
$1[l_nlL

IOuul
IELISr.a_

b
r

I LLUDJlmlmlL_ll I

SPMClL4111_SUL|

¢01OlI*S_IIQll
TU_ N

I

• ¢_mll Jim Pll

• _n_LON Zmml
• pw_Ji
• ¢AUilALTEII

KAMAN _

f
WCE OPTICAL LAYOUT

E-4
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APERTURE
"FRCIENCY

08

0.6

0.4

02

o

o 2 4 6 II

STARLAB APERTURE EFFECIENCY
CSTRERL'TRA"S"'SS'O"_

_ I__._ _

__ _ -- WCE BYP/_EO

10 12 14 16 18 20 22 "24 Z6

OPTICAL ELEMENT NUMBER

f

Piston

Actuators

/
Starlab

Obscurations

Registration of WFS Subapertures
Relative to Piston Actuators on DM

Subapertures

7 mm

KAMAN--"
AEROSPACE CORPORATION
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WCE Wavefront Sensor Schematic

LENSLET

ARRAY

RELAY

OPTICS

FOLD MIRRORS_
'\ i

Field Stop
k

Cappin|
Shutter

ROTATING

!INPUT

\

_ Principle of Rotating Grating Interferometer

Grating

• [' ' In-Phase
Relay SignaLs
Lens

Distorted

Wave front

Signals

E-6



f

WAVEF .RONT CORRECTION VIA'COMMAND RECONSTRUCTOR"

OBJECTIVE: REMOVE ABERRATIONS FROM OPTICAL WAVEFRONTS

IMPLEMENTATION:

{ }120 x 69 = COMMANDS
rRECONSTRUCTION1 120 MEASUREDGItADIENTS FROM == TO OM

L MAlnlX .J w_s ACTUATORS

g X S " G
C

PROBLEM: WHAT IS THE BEST WAY TO FORMULATE R C' GIVEN:

. ACTUATOR GAIN AND INFLUENCE FUNCTIONS

- USE OF SLAVE ACTUATORS AT EDGE OF DM

. WFS SUBARPERTURE/DM ACTUATOR GEOMETRY

. OBscUnATIONS IN OPTICAL PATll

- ANGLE OF INCIDENCE - 10= AT DM

------- I(AMAN

f
_;QMMANO RECONSTRUCTOR_

- OBTAINED DIRECTLY FROM IN.SITU CALIBRATION

• MEASURE WFS RESPONSE TO FIXED VOLTAGE COMMAND TO EACH ACTUATOR

[ ] (..co_}{ }WFS -MEASUnEMENr VOLTAGES AT = WFS GRADIENTS

MATIIlX" I)M

M X C = S

INVERSK_N YIELDS

LEAST-SQUARES-FIT OF MEASURED GRADIENTS TO OBTAIN

DESIFIED COMMANDS (VOLTAGES) FOR DM

C - RcS, WHERE _C " IMTMI'! MT

• ZERO-PISTON CONDITIONS ADDED PRIOR TO INVERSION

KAMAN

E-7



MEASURED PSF (CAMERA BLUR REMOVED)

/.0_ ;'_._

MENSU_D PSF

KAMAN -_
AEROSPACECORPORAT_

PERFORMANCE ESTIMATION FROM
IMAGING SYSTEM DATA - PHASE RETRIEVAL

PHASE RETRIEVAL

• USE GETRSCHBERG.SAXTON ITERATIVE ALGORITHM TO OBTAIN OPTICAL
PHASE ERRORS CONSISTENT wmt IMAGE OF PSF (POINT SPREAD FUNCTION)

UTILIZE KNOWN OBSCURATION PATTERN AS A CONTSTRAINT IN PUPIL
SPACE

- UTILIZE CAMERA DATA AS A CONSTRAINT IN IMAGE SPACE

OPTICAL TRANSFER FUNCTION ANALYSIS

DETERMINE Ol1= FROM PSF TO DETERMINE STREHL INTENSITY AND THEREBY
OBATIN AN ESTIMATE OF RESIDUAL WAVEFRONT ERRORS

F.-8

KAMAN J



NI'nAL_I

.oeJ_I

\

PHASE RETRIEVAL ITERATIVE ALGORITHM

B 0 (PUPtL FUNCTION) ASSUMED KNOWN

FOURIER
TRANSFORMATION

R_CI

lr wrrH KNOWN B0

B0 e

A0 (PSF) MEASURED

\ . " / v.-_r
\ / __.=.o,,

\ / ,.,.,,T,
A' WFIEI_'I OAT& A V ON

KA_

I iI INVERSE FOURIER

B' e i_' _ TRANSFORMATION

=,,

RETRIEVED OPTICAL PHASE

E-g



PERFORMANCE ESTIMATION FROM
IMAGING SYSTEM DATA - STREHL INTENSITY

• THE OTF IS THE FOURIER TRANSFORM OF THE PSF: OTF(_) 2=_Lx_PSFf) e=;.;_k

STREHL INTENSITY IS THE RATIO OF MEASURED ON-AXIS (r = 0) INTENSITY TO TIlE
IDEAL VALUE: PSF (0)

qs,
PSF_.,= (0)

• ANY SYSTEM ABERRATIONS WILL CAUSE q S< 1

STANDARD DEVIATION OF SYSTEM ABERRATIONS MAY BE ESTIMATED FROM
STREHL RATIO (a IS IN UNITS OF OPD; _. IS WAVELENGTH AT WHICH PSF WAS
MEASURED) :

_s- ,-(2_onn-)=

ON-AXIS INTENSITY IS THE INTEGRAL OF THE OTF:

STREHL RATIO CAN BE DETERMINED FROM DATA: I OTF (k)d2k

SINCE ALL SPATIAL FREQUENCIES OF ABERRATIONS ARE INCLUDED, THIS ESTIMATE
IS A LOWER BOUND ON WCE PERFORMANCE

KAMAN J

f

0.1

O.

OTF An=lTd | o4rPSF
Comparilon or Ideal (TheorT) and Meeuremen¢

PSF Take. With RWG 0.=0.674 pro)
DM FinW Mirror and ADA Ob=_Jillion=

$ -2040 60 80

E-IO

IICAMAN -J
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Maximum Allowable RMS Input Wavefront Error

4

3.S

3

2.5

1.S

1

0.S
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K'AMAN _

DEFORMABLE MEMBRANE CONTROL SYSTEMS "_

ISSUES AFFECTING SCALING TO LARGE APERTURES

• ADAPTIVE OPTICS TECHNOLOGY UTILIZING CONTINUOUS FACESHEET
DEFORMABLE MEBRANE MIRRORS (DM) NOT SCALABLE TO LARGE
APERTURES REQUIRING MANY SUBAPERTURES

- DMs ARE SMALL-APERTURE DEVICES

- LARGE APERTURE COLLIMATOR/TELESCOPE SYSTEM REQUIRES
ADAPTIVE CONTROL IN A REDUCED BEAM

- DM ACTUATOR DENSITY REQUIREMENTS GO BEYOND TECHNOLOGY
CAPABILITY (=, 7 mm SPACING)

- 10 m APERTURE WITH 5 cm SUBAPERTURES WOULD REQUIRE
A = 1.4 m DM with = 30000 ACTUATORS

- NOT FAULT-TOLERANT - MULTIPLE-ACTUATOR FAILURES
CANNOT BE REPAIRED

- OPTICAL SYSTEM REQUIRES A RELAY PUPIL - COMPLEX OPTICAL
SYSTEM DESIGN

\ ,.,.S
E-I1



DEFORMABLE MEMBRANE CONTROL SYSTEMS -_

ISSUES AFFECTING SCALING TO LARGE APERTURES

• SENSED AND CONTROLLED SPACES ARE DIFFERENT

- DM CONTROLS PISTON OR PHASE -> 4)

- WAVEFRONT SENSOR SENSES PHASE GRADIENTS -> _

- RECONSTRUCTION OF THE WAVEFRONT FROM THE MEASUREMENTS
IS ANALOGOUS TO SOLVING LAPLACE'S EQUATION WITH NEUMANN
BOUNDARY CONDITIONS NUMERICALLY

- REQUIRES A MATRIX OPERATION CONNECTING THE SENSED AND
CONTROLLED SPACES

KAHAN /

Surface Control Techniques for
Large Segmented Mirrors

Anthony D. Gleckler
Bobby L. Ulich

Chris Sheppard

Kaman Aerospace Corporation
Tucson, Arizona

and

Edward K. Conklin

Forth, Inc.
Manhattan Beach, California

E-12

KAMAN
AEROSPACE CORPORATION



PAMELA

Phased Array Mirror, Extendible Large Aperture

• Large aperture mirrors composed of small hexagonal segments (subapertures).

• Each segment has three actuators for motion in piston and two tilts.

• Each segment has edge mismatch sensors which measure the relative piston error with

respect to its neighboring segments.

• Piston information comes from the edge sensors.

• Tilt information for each subaperture comes from one of two sources depending on the

application:

A wavefront gradient sensor for atmospheric compensation (Adaptive optics).

A local figure sensor to maintain the optical surface to a desired shape (Active

optics).

KAMAN --"
_ROSPACE CORPORATION

PAMELA CONTROL SYSTEM APPROACH

• MEASURE TILT AND CONTROL TILT
- DOES NOT REQUIRE MASSIVE MATRIX

OPERATIONS
- WAVEFRONT SENSOR TECHNOLOGY

(HARTMANN) IS MATURE
. SUPPORTS WHITE LIGHT OPERATION

. SUPPORTS PULSED BEAM OPERATION
- MOST PHOTON EFFICIENT

• EXTENSIBLE TO LARGE APERTURES ( > 10 m)

E-13

KAMAN /



Control Loop Interaction

\
/

Segment tilt motion affects the piston control loop

Piston motion does not affect the tilt control loop

KAMAN --
AE FIOSPACE CORPORATION

SEGMENT CONTROL BLOCK DIAGRAM

Beam Incident

on one elern_t One optical
.K, .... I .... n_asurement

........... ".......... 7- /i _'_'._.--.-_
i n

| -- - . = |._ " q

Actu,,ior ) _.. ,_ | co_monlna I :
Electronics 1__ &P3 I EkK:trOnk_ l !

Subsystem contained

'- ......................... on each segment

E-14
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Basic Control Methodology_

• Two separate control loops operate for tilt and piston correction.

• The tilt correction operates first.

• The piston correction is then performed at a much higher bandwidth so that
the segments form a quasi-continuous surface.

• The overall bandwidth of the system is set by the tilt correction bandwidth.

----- ICAMAN
AEROSPACE CORI_RATION

NESTED CONTROL ARCHITECTURE

(Segment Motion)
Wavefront

Sensor

Edge

Sensom

t Loop (X3)

Wavetron_,_ Tip.Tilt

to
Compensation Piston

Circuits
(Optional) Conversion

Inner
Loop

Actuator

(x3)

Segment
Control
Circuit

E-15
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Piston Correction Control Techniques

• Global Control - All information comes and goes from one central
processor.

• Local (or Iterative) Control - The entire mirror surface becomes a large
parallel processor. No wavefront reconstructor.

• Hierarchical Control - The segments are clustered into "super-segments."

I(AMAN -J
AEROSPACE ODRFqDRATION

f

Global Control

• Large matrix operations are used to reconstruct the wavefront.

• Not scalable to large apertures.

• Example: 15 meter primary mirror with 10 cm segments

- 20,000 total segments
- Three degrees of freedom per segment

60,000 x 60,000 reconstructor matrix

Each setting of the surface would take approximately 3x109 MAC

At 30 Hz the system would need to make ~1011 MAC / second

The fastest super-computers (to the authors' knowledge) are on the order
of 5x 109 MAC / second

• Conclusion - Global control is not appropriate for high bandwidth and large
numbers of segments.

KAMAN
AEROSPACE CORPORATI(3N

E-16
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Local, or Iterative, Control

• Each segment moves in piston in response to the edge mismatched with its

neighbors.

• Convergence of the surface has been shown to be equivalent to solving
Poisson's equation in two dimensions.

• Our first piston iteration methods were based on known solutions to

Poisson's equation:

Jacobi (or Least-squares)
Successive over-relaxation

• A non-Poisson solution, named the "Inner" algorithm, has shown great

promise.

---- KAMAN --
AEROSPACE CORPORATION

f

Total Number
of Segments

3OO

Alqorithm

IOO

30

Converqence Performanc_e

Global Inner

Successive Over-
Relaxation Jacobi

I0 i i i i

3 10 30 IOO
300

Number of iterations to converge

----- KAMAN --
AEROSPACE CORPORATK_q
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1-Dimensional Wavefront Matching

Inpul Wavefront

Tilt Correction

After One Piston
Correction Iteration

Alter Three Piston
Correction Iterations

After Five Piston
Correction Iterations

KAMAN
AEROSPACE CORPORAT_

f

Algorithm performance for an annular aperture

Information paths lengthen with annular aperture.

KAMAN --
AEROSPACE CORFORATIO_

E-18



Conver ence s eed versus number of ed e sensors

Total Number
of Segments

300,

250

200

iS0

100

50

6 sensors 3 sensors

;','S

Number of iterations to converge

----- KAMAN
_ACE C0_0RIT_N

f

Hierarchical Contro_l

• Segments are clustered into super-segments.

• Super-segments can be treated as ordinary segments in terms of control.

Extremely fast convergence times are possible

Example: 37 segments per super-segment and 37 super-segments

- Inner algorithm can converge 37 segments in tour iterations.
- The 37 super-segments can also converge in four iterations.
- No tiltin of the super-segments is necessary.

Maxim_gm of eight iterations for convergence of over 1300 segments.

E-19

---- KAMAN --
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CONTROL ALGORITHM
CHARACTERISTICS

Technique "Connectivity" Convergence Behavior

Global Maximal Fast
(Matrix)

Nearest Minimal Slow
Neighbor

Hybrid Minimal -> Maximal Slow-> Fast
(Hierarchical)

\

Optimal approach determined by requirements and constraints

Neural net technology promises to provide an architecture for control

- "Learn" optimal control from example

- Vary "connectivity" via weights

KAMAN-_
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GROUND-TO-SPACE HIGH POWER LASER PROPAGA'nON

D. P. _REENWi_D

MIT LINCOLN LABORATORY

PRESENTED AT THE TECHNOLOGY WORKSHOP ON LASER BEAMED POWER:.
FROM EARTH TO THE MOON AND OTHER APPLICATIONS

NASA-Lewis _

5 FEBRUARY 1991

GROUND-BASED SHORT-WAVELENGTH LASER
RELAY MIRROR APPROACH

|

TO IOW_

\
LOOP

F-I



ATMOSPHERIC LIMITATIONS TO PROPAGATING
HIGH-POWER LASER BEAMS

" . EXTINCTION (sca_ering and absorptRl_)

• TUI_ULENCE (randc_nt temperature variations)

• THERNIAL_OOMING (Interaction betweeft_ and medium)

ATMOSPHERIC TRANSMISSION vs. WAVELENGTH

,oo_ -_ ....

° ll II/ /i "° HzO

: I /.,o:
:!

" O

0- MOUZCUt.AM ,.oRwrlON I , t ! 1
0 I ' L = , I i , _ t J I i ¢ • .J I I,

.ll 1.0 1.8 2.0

_. (#m)
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ATMOSPHERIC EFFECTS

IN LASER-BEAM PROPAGATION TO 40 Mm

TURBULENCE

3.a-/1 ,-, .. ':,L::.,
.._,. l_q _ _:"

/ .+ "% . i ,

400 m -- '-. • ._ .... _ -_;>'_*

_.._. ;.+ .-.
,-,_.,..¢,. p,._- •

THERMAL BLOOMING

1 MWll roll

++ THERM_- BLOOMING - _.- i _+ +.
.+._ .. _ . . -- ._;. ..._. ++ +_- ...._+,+++,+.+.+_._++.+:+_ -++.

•-l,+ _" '' +'+"_" +,r._ _. _+_- " _
_I.-- _ ""+":" . -- . +.

+ + +:. '+_I,,- _ • ." + -+.... " +"__..,• mSmmA_+B_+++mO.__m_+_."__++_+--++.+-+
,:,,:,_u-rmA+ +_'l'<J FROMA_,_..____'3',-'..vj'r _++ + ---
_'- ......... IP,,N ,11 ' +._
AT PHFJ_EOF SOMEOFTHE_LA_EXem_!._ - .

AMOS,.+"+ -

i DEPENDENT DIVERGENT LENS _
EV_ WEAK ABSORPTION (Few %) (:AN CAUSE SEVERE
SPREADING FOR LASER POWERS OF CURRENT INTEREST _il

,Ji,



THERMAL BLOOMING WILL LIMIT HIGH-ENERGY
LASER PROPAGATION

|

DIFFRACTION LIMITED

_J CORRECTED ING

POWER

• WHAT IS THE LIMIT?

• HOW CAN IT BE EXTENDED?

I l i )lit II

ATMOSPHERIC-COMPENSATION PROGRAM

AT LINCOLN LABORATORY

• OBJECTIVES:

-- TO ASSESS THE EFFECTS OF THE ATMOSPHERE ON
OPTICAL WAVE PROPAGATION. AND

-- TO DEVELOP THE MEANS TO COMPENSATE FOR
ATMOSPHERIC ABERRATIONS USING ADAPTIVE OPTICS
AND RELATED TECHNIQUES

APPROACH:

-- OIVELOP EXPERIMENTAL SYSTEMS TO MEASURE AND
CaRRECT FOR ATMOSPHERIC TURBULENCE AND
RELATED ABERRATIONS

-- DEVELOP ANALYTICAL TOOLS TO SUPPORT EXPERIMENTS

• PRINCIPAL SPONSORSHIP:

- DoO: SOLO. ARMY, NAVY. AIR FORCE. OARPA

THIS PRESENTATION IS UNCLASSIFIED. FOR OFFICIAL USE ONLY

[:4



ATMOS pH E R IC-CO M PI-:I_SA I IUi_I

("ACE." Corapleted 1985)

0

OBJECTIVE: --

-- TO INVESTIGATE THE ABILITY OF ADAPTIVE OPTICS TO

COMPENSATE ATMOSPHERIC TURBULENCE AT LOW LASER

POWERS, USING BEACON SOURCES FOR WAVEFRONT SENSING

APPROACH: %

DEVELOP A 69-CHANNEL ADAPTIVE-OPTICS SYSTEM

-- INSTALL AT AMOS SITE IN MAUl (60-cm Beam Director)

TEST OVER ATMOSPHERIC PATHS TO:

AIRCRAFT

SOUNDING ROCKETS - "_.

STARS

CONCLUSION (Reached in 1985):

-- ATMOSPHERIC TURBULENCE CAN BE EFFECTIVELY

COMPENSATED. BUT ADDITIONAL WORK IS REQUIRED IN

COMPONENTS TECHNOLOGY AND IN THE DEVELOPMENT

OF SYNTHETIC BEACON SOURCES 1_)95)) •

0

"-.---" r. ...... ,4 k.

F-5



O

COMPENSATION OF A VISIBLE LASER FROM
GROUND TO SPACE DEMONSTRATED

UNCOMPENSATED " (_OMPENSATED

uJ
>_.
h-

UJ
n-

t l i

RELATIVE BEAM DIAMETER

REFERENCE: "GUIDE TO THE STRATEGIC OEFEI4SE

INITIATIVE," R.H. BUENNEKE, ed.

O

;_._i.r,,p.¶,, hy . .

O

GROUND-BASED LASER
FOR "ASAT APPLICATION

UNCLASSIFIED

UNCI.ANU_

0

F-6 '*



SWAT (Short-Wavelength Adaptive Techniques)
PROGRAM

O

OBJECTIVES:

- TO DEVELOP THE TECHNIQUES REQUIRED TO COMPENSATE
ATMOSPHERIC TURBULENCE OVER A SPACE-TO-GROUND PATH.
WITH THE USE OF NATURAL, MAN-MADE. AND SYNTHETIC

BEACONS, AND

-- TO ADVANCE GENERALLY THE TECHNOLOGY OF ADAPTIVE OPTICS

APPROACH: -

-- DEVELOP AN AOAPTIVE-OPTICS SYSTEM AT THE 241-CHANN EL/t_"

kHz LEVEL

-- DEVELOP LAS _ERS SUITABLE FOR RAYLEI(_ AND SODIUM

EXPERIMENTS

DYE LASER AT 508 nm

SOLID-STATE I_R AT 5S9 nm TO PUMP STRATOSPHERIC SODIUM AT
90 km _

INSTALL ON 60-¢m TELESCOPE AT AMOS IA__ Forcej_ M=ui Optical

Site)

CONDUCT EXPERIMENTS USING STARS AND SATELLITES AS

DIAGNOSTICS

0

O

O

F--/



224s
DIGITAl."_ 224y

WAVEFRONT "_ PHASE
R|CONITRUCTOIII GRADIENTS

CORNER:CUBE llOOm

TURBULENT
ATMO$

WAV|IIRONT
IlNIOR

0
0
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LACE Data

SMC 182, Samples 180-184

Uncompensated

30 November 1990

SMC 181, Samples 160-164

Compensated

"--L-

i
I

._ i't rpnred h_

,','i _-III IicK',,la I al_,qal,,r7

0
0

• I'rrplr_ h_o.-
. -', _11 I I in,c,dn I ah,,,rel,,4',
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ASTRONOMICAL APPLICATIONS
OF ADAPTIVE OPTICS

WITH SYNTHETIC BEACONS

TILT

(4 - 10 m)

6)

IqI[CONSTIqUCTOIq

@

I

O
O

F-IO
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O

_,:., i'_;v.,..d b_ . .

STAR IMAGE COMPENSATION EXPERIMENT

Images of Vega Recorded by SWAT on 25 June 1990

Compensaled Image __i__

Slmhl - 0.4

. 3.8 arc-see

b, F-IL



MOLLY, A TIME-DEPENDENT PROPAGATION
CODE" DESIGN HIGHLIGHTS

O

HARDWARE

-- OPTIMIZED FOR CRAY-2: LARGEST-MEMORY
SUPERCOMPUTER (256 Million 64-Bit Words)

SPECIAL MODELING CAPABILITIES

-- REALISTIC AND GENERAL DEFORMABLE-MIRROR

FITrlNG

-- FINITE CORRECTION BANDWIDTH

-- NONZERO CORRECTION DELAY

-- MULTILINE PROPAGATION

-- ATMOSPHERIC THERMAL DIFFUSION

O

"._ rr4'por rd by

t". _ %|| | I uric,bin I abgMrel_rv

F-12
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HARTMANN

(S_wn He_)

OR SHEARING

WAVEFRONT

SENSOR

CURRENT STATUS OF MOLLY

OEFORMABLE MIRROR

WITH REALISTIC

INFLUENCE FUNCTIOH

j

SERVO

FOCAL SPOT

CENTROtO OETECTOR

IMAGING

OPTICS

MULTILINE

f /.e,
D

\ t

RE,._LISTIC (Incl. Orogrsnde)

ATMOSPHERES: ABSORPTION,

SCA1FlrERINGo TURSULENCE,

TWO..OIHENSION AL WINOS,

KOt.MOGOROV RANOOM WINO

FLUCTUATIONS, SL__

_,_+'_" _ Prep,red b+v

O

(q++

I

O
o

... I'qelllred hq
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BASELINE RESULTS
STREHL RATIOS FOR

VARIOUS POWERS AND DIAMETERS

WITH TWO REALIZATIONS OF KOLMOGOROV FLUCTUATIONS

100

p_OI S SCALING .32 ('j

:l..O
oo.,_ _ .....

. 0 o.s_,o._.. ....... '

.44 _ ..."

s_1. ...._0""
coo *°e

10 / RATIO

[
1 / I I i _ | I !

1

DUU_'rER (m)

I

HmlI_AJI

I

LABORATORY THERMAL-BLOOMING
COMPENSATION EXPERIMENTS

• OBJECTIVES:

- EXAMINE CORRECTABIMTY OF STRONG THERMAL BLOOMING
UNDER CONOITIONS EXPECTED TO GENERATE PCI (Phase-

Conjugate Instability)
- COMPARE EXPERIMENTAL RESULTS WITH MOLLY SIMULATIONS

TO IIENCHMARK CODE PERFORMANCE

O

F-14
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BEAM-CONTROL COMPONENT DEVELOPMENT AT
LINCOLN LABORATORY

1985 1990 FUTURE

COOLED, LOW-COST 69-ACTUATOR

DEFORMABLE HICLAS

MIRRORS

241 -ACTUATOR

ITEK & UTOS

LCOMI

SCALE TO LARGER

STROKES & SIZES,
IMPROVE REPAIR-

ABILITY, USE NEC

ACTUATOR

WAVEFRONT

SENSORS

69-CHANNEL

SHEARING (ACE),
DISCRETE SENSORS

241-CHANNEL

BINARY-OPTIC, CCO

NAR'rMANN (SWAT)

IMPROVE CCI)s,
STUDY HARTMANN

vs. SHEARING

SHARED NONE (For SAOO (SKYUTE), IMPROVE

APERTURE High Power) HAC SUBSCALE EFFICIENCY,
COMPONENTS BLIND GRATING DURABILITY

RECONSTRUCTORS RESISTOR DIGITAL MATRIX RELAXATION
NETWORK MULTIPLY METHOD

COOLED FAST 16.cm TRAPAF PRELIMINARY 50-cm DEVELOP LARGE

STEERING AND HOST 300-Hz DESIGN HIGH-BANDWIDTH

MIRRORS (Completed in 1/88) MIRRORS

N

FAR-FIELD PEAK IRRADIANCE AS FUNCTION

OF DISTORTION NUMBER

• p = 0.5-2.5 WATTS, V = 1.4 cm/s, BANDWIDTH = 200 Hz

< 1.0

°-,-

!..-

, . ,

OISTORT1ON NUMBER

ERROR BARS

FROM MULTiPl.E
EXPERIMENTAL
UEA_MENTg

4o0

F-I6
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LOW-COST UNCOOLED DEFORMABLE MIRROR

LOW-COST ELECTROSTRICTIVE ACTUATORS NOW AVAILABLE
FROM NEC

8-1_m STROKE AT 150 V (4.pro, 16-tJm Actuators Also Available)

_; 15 % HYSTERESIS (Similar To Magnetostrictive Actuators)

• PROTOTYPE 13-ACTUATOR MIRROR UNDER DEVELOPMENT
AT LINCOLN LABORATORY IS NEARLY COMPLETE

o

• TECHNIQUE FOR HYSTERESIS REDUCTION IS BEING
DEVELOPED

241-ACTUATOR MIRROR WAS PLANNED FOR EARLY FY 92,
FOLLOWED BY 2000-ACTUATOR MIRROR

-._. I'rcps;ed h_,

,'/, _111 Iinc,,In I=lv_ett_t

PULSED WAVEFRONT SENSOR

INCOMING
WAVEFRONT y,

ith SUBAPERTURE
(4 • 41

• LOCAL PHASE GRADIENTS AT ith SUBAPERTURE ARE PROPORTIONAL

TO (Ax i. C.yi)

tOIGITAL RECONSTRUCTOR COMPUTES PHASE FROM MEASURED GRADIENTS ,,m,

F-18
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LINCOLN LABORATORY

WAVEFRONT SENSOR

• SENSOR FEATURES

_ 241.SUBAPERTURE HARTMANN SENSOR

MEASURES TO _/20 AT 4000 CAMERA PHOTONS/SA/CHANNEL

-- LINCOLN LAB SACK-ILLUMINATED CCO CAMERAS

-- NO IMAGE INTENSIFIERS REQUIRED

_ BINARY.OPTICS LENSLET ARRAYS

_ POCKELS CELL GATING

PROCESSOR FEATURES

_ TABLE-DRIVEN, PIPELINED ARCHITECTURE

-- 6 /_s FROM CAMERA DATA IN TO FIRST GRADIENT OUT

-- CAMERA OFFSET AND GAIN CORRECTION, TILT REFERENCE

i, F-19



QUANTUM EFFICIENCY OF CCD IMAGERS

FRONT
ILLUMINATED

WAVELENGTH (m)

1000 1100

0

F-20 i.,, _,.,.,i h,



INPUT

POLARIZATION SHEARING WAVEFRONT SENSOR
. ., .°

TO OTHER ,..-SHEAR ELEMENT/-" 1/4 WAVE PLATE

_--_ ,'coo' , P3_ -
Po oil /: I • '_'_

L

PHASE RECONSTRUCTION

_---.-___.®:- ::.-

(!) ' (;) ' "1.i..-i-e -I

x GRADIENTS } g
t y GRADIENTS

PHASE POINTS x

!

-11 I

-1 1 I
I

.11 I
-1 1 I

-1 I I

-I I

-I I
-I I I

-1 II
I

-1 jt

g:Ax+n

ESTIMATE ; = Bg

jr,- A

_' F-21 I
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TECHNOLOGY DEVELOPMENT FOR
LARGE BEAM DIRECTORS

• PRELIMINARY DESIGN & SPECIFICATIONS GENERATED FOR
GBFEL TIE 3.5-m BEAM DIRECTOR

EXTENSIVE MODELING AND COMPONENT DEVELOPMENT OF
BEAM-PATH CONDITIONING SYSTEMS PERFORMED IN
SUPPORT OF ARMY BMD/ASAT PROGRAMS

VACUUM-INTERFACE AND EXIT WINDOWS
AIR CURTAINS
BEAM-EXPANDER CONDITIONING
BOUNDARY.LAYER CONTROL

STUDY OF FEASIBILITY OF BUILDING LARGE (_>10m) BEAM
DIRECTORS COMPLETED IN FY 89
- CRITICAL TECHNOLOGIES IDENTIFIED
- FEASIBLE TO BUILD TO TENS OF METERS

PHASING OF SEGMENTED MIRRORS IN PRESENCE OF
TURBULENCE DEMONSTRATED IN SCALED LABORATORY
EXPERIMENTS UNDER INNOVATIVE RESEARCH PROGRAM

F-22
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LASER POWER TRANSMISSION TO MOON

BEACON

LUNAR STATION

/

=

c_

\ i
\ t t

l ' I_, LOAO | STOCtAGE

l,,,_l I

_OR GROUNO LArgER
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;HIGH-POWER LASER OPTIONS

=_ FREE-ELECTRON LASER:

OF CHEMICAL LASER:

O21 CHEMICAL LASER:

MICRO-CHIP LASERS:

(SOLID STATE)

TUNABLE (VISIBLE TO IR)

SCALABLE TO HIGH POWER
DESIGNS FOR 10 MW EXIST

HIGH EFFICIENCY PROJECTED (-10%)

AT 3.8 Izm - LARGE APERTURE REQUIRED
MEGAWATrS POSSIBLE
ENERGY CONVERSION? (PROPULSION CANDIDATE)
BEAM CONTROL EASIER???

AT 1.3 I_m - APERTURE FEASIBLE
POWER SCAUNG PROBLEMATIC

WAVELENGTHS IN NEAR IR (DOUBLE TO VISIBLE)

INDIVIDUAL LASERS DEMONSTRATED

SCALING POTENTIAL GREAT
COMPACT, RUGGED, INNOVATIVE PHASE CONTROL

ATMOSPHERIC-COMPENSATION REQUIREMENTS

• TURBULENCE REQUIRES HIGH SPATIAL AND TEMPORAL

FREQUENCY CORRECTION CAPABILITY:

- UNCORRECTED BEAM SPREAD -100 XDL (intolerable)

-TILT CORRECTION

-2 i_rad STANDARD DEVIATION
-10 Hz BANOWU)TH (other tracking errors will dominate)

- I/IGH-OROER PHASE CORRECTION
-3 WAVES rms DEVIATION (at l-_m wavelength)

_"100 Hz BANDWIDTH

(Requires beacon-probe repetition rate of =,1 kHz)

• THERMAL BLOOMING CORRECTION REQUIREMENTS ARE
SUBSUMED IN THOSE OF TURBULENCE, PROVIDED AN
OPTIMAL PROPAGATION WAVELENGTH IS CHOSEN.

N
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ATMOSPHERE COMPENSATION REQUIREMENTS

TURBULENCE COHERENCE DIAMETER DEPENDENCE OF FRACTION OF TOTAL

DEPENDENCE ON WAVELENGTH LASER POWER ON MOON COLLECTED

AND ZENITH ANGLE BY ARRAY ON ACTUATOR SPACING
IN DEFORMABLE MIRROR

=!=<,z. +o
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§o , , , <or , , , , , ,
0 + 2 3 0 0.S + +.S 2 2.S 3 3.S

WAVELENGTH (prn) RATIO OF ACTUATOR SPACING TO
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7o% OF POWER INTO

80 m _O11

ACTUATOR SIPAaNG •
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®
Fm;i

F-26



WAVEF_ONT SENSOR OPTIONS

• HARTMANN .... ......

- USED IN RECENT PROGRAMS - EXPt=HmNL,= o_,== -,,,----

- REQUIRES 4x4 PIXEL ARRAY PER SUBAPERTURE

- FOR 10 4 SUBAPERTURES: 420x420 CCO (exists)
_ SUBSTANTIAL PARALLEL ARCHITECTURE

• SHEARING IHTERFEROMETER

- USED LESS THAN HARTMANN
ADVANTAGES ARE LARGER DYNAMIC RANGE, LOWER NOISE

DISADVANTAGE IS LARGER NUMBER OF CAMERAS

- FOR 104 SUBAPERTURES: 4 CCDs OF 100x100 EACH

NOTE: BOTH APPROACHES BASED ON LINCOLN LABORATORY CCDs.-

THINNED, BACK-SIDE ILLUMINATED. p+-OOPED, w/LOW-NOISE READ-OUT FETs

QUANTUM EFFICIENCY -90%

NOISE LEVEL -30 ELECTRONSJPtXEL AT 3 MPIXEL/SEC REAO OUT

BEACON OPTIONS

• ASSUMPTIONS AND REQUIREMENTS:

104 SUBAPERTURES

103 UPDATES/SECOND plane)
103 PHOTONS_UBAPERTURE/UPDATE (at WFS focal

EARTH-BASED LASER- LUNAR RETROREFLECTOR (examples):
• RETRO

_OMPENgATED _ 5 M 1600
NO 10KW 1 M
YES 500W 1 M 2M 250

MOON-BASED LASER

POWER = 1 W, APERTURE = 1 cm

POINTING REQUIREMENT 0.1 mrlKI

• SYNTHETIC BEACON

COMPLICATION SEEMS UNNECESSARY
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RECONSTRUCTOR SCALING

• NUMBER OF COMPUTATIONAL OPERATIONS SCALES AS > n 4 FOR
MATRIX-BASED RECONSTRUCTORS (n = subaperturesJdla.)

• MULTI GRID APPROACH SCALES ONLY AS n2 log n

• PARALLEL-PROCESSOR ARCHITECTURE READILY SCALES TO LARGE
SYSTEMS

MATRIX

DIAMETER 10 m 10 m

SUBAPERTURES (n) 102 102

TOTAL SUBAPERTURES 8192 8192

MULTIPLY/ACCUM. 1.7 x 10 8 7.5 x 10s

PROCESSORS 20808 3414

RACKS 160 8

SOURCES OF ADAPTIVE OPTICS ERROR

FITTING

- WITH FINITE RESOLUTION, A DEFORMABLE MIRROR ONLY
APPROXIMATES REQUIRED CONJUGATE PHASE

POINTING

- IDEAL POINT-AHEAD BEACON LOCATION DEPENOS ON ORBITAL
POSITION OF MOON, SO LOCATION OF STATIONARY BEACON IS
NOT IDEAL AT ALL TIMES

BANOIm)TH

- THE DYNAMIC ATMOSPHERE MOVES A LITTLE DURING A
COMPENSATION UPDATE

SCINTILLATION

- ADAPTIVE OPTICS CORRECTS PHASE, NOT AMPLITUDE

SIGNAL-TO-NOISE

- A WAVEFRONT SENSOR IS LIMITED BY THE BEACON SIGNAL
RECEIVED
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BEAM-CONTROL SYSTEM --STRAWMAN DESIGN

• "CONVENTIONAL" 10-M-DIAMETER BEAW. DIRECTOR

• ADAPTIVE OPTICS FOR ATMOSPHERIC COMPENSATION IN UNEXPANDED

LEG OF BEAM DIRECTOR

• ADAPTIVE OPTICS:

- CONTINUOUS-FACESHEET DEFORMABLE MIRROR

. (segmented back up):
HIGH REFLECTIVITY COATING, COOLED SUBSTRATE

104 ACTUATORS

lO0-Hz BANDWiOTH

- HARTMANN WAVEFRONT SENSOR (shearing Interleromiter back up)

10-kHz FRAME RATE

LOW-NOISE, HIGH-QE CCD FOCAL PLANES

-- BEACON

LASER-ILLUMINATED RETRO ARRAY (compenSated)

- RECONSTRUCTOR - RELAXATION METHOD DESIGN

• POINTER/TRACKER:

- SEPARATE TILT CORRECTING MIRROR

- 4 prad RMS @ 100-Hz BANDWIDTH (conservative design)

ADAPTIVE OPTICS ERROR BUDGET

,_. = 1;im, tl, = 9.6 cm AND e,, = 15 prad AT ZENITH,
ACTUATOR SPACING 10cm, BANDWIDTH 100 Hz, WIND 6 m/s,

RETRO ARRAY AT MEAN POINT.AHEAD LOCATION

(¢
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BASELINE SYSTEM
REPRESENTATIVE POWER BUDGET

LASER OUTPUT

OPTICS TRANSMISSION

11 MW

0.9 X

POWER OUT OF APERTURE

ATMOSPHERIC TRANSMISSION
ATMOSPHERIC COMPENSATION

COLLECTOR GEOM. EFFICIENCY

ARRAY ELECTRICAL EFRCIENCY

10 MW

0.9

0.5

0.9

0.5

ELECTRICAL POWER OUT

POWER CONDITIONING

2 MW

0.8

ELECTRICAL DISTRIBUTION

LOAD

STORAGE (0.3 efficiency)

1 MW

0.6MW --_ 0.18 MW (per earth
station)

4 EARTH STATIONS LOCATED NEAR EQUATOR SHOULD PROVIDE
CONTINUOUS I-MW ELECTRICAL DEMAND POWER. (Assumes

weather power outage -10%, and requires 1-2 stations illumlnatlng

array simultaneously.)

CONCLUSION

A BEAM-CONTROL SYSTEM FOR EFFICIENT TRANSMISSION OF

LASER POWER FROM EARTH TO THE MOON CAN BE BUILT:

- TECHNOLOGY REQUIREMENTS AND PHYSICS UMITATIONS
ARE WELL UNDERSTOOD IN SMALL-SCALE EXPERIMENTS

- GROUND-TO-SPACE HIGH-POWER LASER PROPAGATION

EXPERIMENTS ARE REQUIRED

- ADOfTIlONAL HARDWARE SCALING IS REQUIRED BEYOND

STATE OF THE ART
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THE BASIC PRINCIPLE OF LASER POWER/PROPULSION IS SOU_D, HAS

ROBUST ECONOMIC ADVANTAGE, AND HAS DIVERSE SPACE APPLICATIONS

THE FUNDAMENTAL LEVERAGE OF REMOTE LASER-P0WERING OF

SPACECRAFT LIES IN THE DRAMATIC REDUCTION OF NON-PAYLOAD

MASS AND PROPELLANT CONSUMPTION FOR HIGH &V/AT MISSIONS,

VIA HIGHER SPECIFIC IMPULSES >> CHEMICAL, AND:

- REDUCTION OF STRUCTURAL MASS

(USING LASER-ABLATION DRIVE)

- REDUCTION OF ON-BOARD POWER-SUPPLY MASS

(USING LASER-ELECTRIC DRIVE)

MORE THAN 10X PAYLOAD DELIVERY PER DOLLAR

SUCCESS DOES NOT DEPEND EXCLUSIVELY ON A SINGLE APPROACH

OR SET OF COMPONENTS--THERE ARE A VARIETY OF LASERS,

WAVELENGTHS, TRANSMISSION SYSTEMS, AND DRIVE METHODS

WHICH CAN WORK, AND IN DIFFERENT COMBINATIONS.

GROUND-BASE LASERS WITH SPACE-RELAY MIRRORS CAN PERFORM A

VARIETY OF TASKS--TRANSMISSION OF ELECTRICAL POWER TO

SATELLITES, SPACE-STATIONS, AND LUNAR BASES, AND

PROPULSION OF DIFFERENT VEHICLES.

Low COST DEVELOPMENT PATH--PHASEABLE IN LOW RISK STEPS,

ALWAYS LESS THAN 2_ OF THE SPACE PROGRAM BUDGET; USEFUL

10 III GBL SYSTEMS << 1 NEW SHUTTLE COST.
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REMOTE LASER-P0wERED SPACECRAFT ALLOW HIGHER PAYLOAD FRACTION

MpAy/M I (PAYLOAD/INITIAL MASS) BY INCREASING EXHAUST VELOCITY

VEX , AND BY REDUCING VEHICLE STRUCTURAL MASS OR P0WER-SUPPLY

MASS

-4D

INITIAL MASS U I = MF EXP(&V/VEx)

FINAL MASS MF = MpAy (PAYLOAD)

Fs MI (STRUCTURE, TANKS, MOTORS)
=E PE (POWER SUPPLY)

USINC PE = _ V_x (2 _EnjET )-1

AND M : (M I MF)/&T = MI/&T [EXP(AV/VEx)>>I]

=E V_x

UPAY = EXP( - vvLEX) - FS - 2 hE, jET &|
OBTAINS

WHEN EXP(-&V/VEx) IS SMALL (LARGE &V) o STRUCTURE FRACTION

F S MUST BE MINIMIZED (EVEN WHEN aE = 07.

LASER-ABLATION DRIVE MINIMIZES F s - ELIMINATES STRUCTURE,

TANKS AND MOTORS.

WITH LASER-ELECTRIC DRIVE, SPECIFIC MASS a E = (KG/KWE FOR

POWER SUPPLY) CAN ALSO BE SMALL, AND aEM_.I,ELT. BE SMALL

LARGE V (FOR HIGH SPECIFIC IMPULSE), AND WITH
WITH EX RADIATION-DOSE
LIMITS ON &T FOR MANNED MISSIONS FORCED BY

COI_ITRAZNTS. --

LASER--PHOTOCELL a E CAN BE 1 TO 2 ORDERS OF MAGNITUDE

SMALLER THAN SOLAR-ELECTRIC aE OR NUCLEAR ELECTRIC aE-
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THE TRANSMISSION RANGES OF GENERIC LASER-PROPULSION METHODS

ARE LIMITED BY DIFFRACTION AND CAPABILITY OF FOCUSING TO THE

REQUIRED LASER DRIVE INTENSITIES.

LASER- ICFDRIVEREQUIRESFocusedINTE.SITIES
; >.1014W/CM2

- LASER-TO-FOCUS RANGE LIKELY SHORT ENOUGH TO REQUIRE

ON-BOARD LASERS (VISTA CONCEPT)

LASER- ABLATIONDRIVEREQUIRESFOCUSEDINTENSITIES
; z 108W/CM2

- GROUND-BASE LASER RANGE TO VEHICLE FOCUS LIMITED TO

103 KM (! 104KM WITH FOIL CONCENTRATORS) (KANTROWITZ

CONCEPT)

LASER - ELECTRIC DRIVE (PHOTOCELL RECEIVERS) REQUIRES

FOCUSED INTENSITIES @ _ 300 W/CM 2, FOR 10.3 DUTY PULSED

LASERS AND =E < 0.5 KG/KWE (>lOX MORE POWER/AREA THAN
SOLAR-CELLS).

LASER-T0-FOCUS RANGES APPROXIMATELY _ 3 X 105 KM

(0.8 #) (EARTH 4 MOON) TO 10 7 KM (200-2000 _, uv),

OR _ 3 x 106 KM (0.8 #) TO 108KM (MOON_ MARS)
(200-2000 _, uv) USING FOIL CONCENTRATORS.

LOIEST INTENSITY REQUIREMENT * GREATEST LASER-TO-FOCUS

_ISSION RANGE USING LOW-MASS FOIL CONCENTRATORS.
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2116188

T_ble 4
Charac_eristics for E!ec_romatne_i_
_eam ?over Transmission in Space

Assume phase-correc:ed :ransml_-:er mirrors or phased arrays :o
achieve dl£fractton-l_tted opt.its:

Collar:or (receive:) d£m_ar

D - 2.44 ). Z / D c.

where ), ,, electrowJi;nsCic wave len&ch (m)

Z " t.ransmiccar co receiver distance (m)

Dr." effecl:tve _ransm:Lr._er ape:r.ure (m)

power Transmission

Examples

Transmlsslon Wdvelen&_h Transmi_cer
(m)

Dis:ante Z (1o=) _ Diswacer D

Solsr PoVe= Sa_eZt_a

GEO _o E_r_h

Shortest M1c:ovave

£oc low a:mospher£c
attenuation, [sr_h

co GEO

Infrared Laser
Earth co GEO

Infrared Lue_
GEO _o Moon

UV Laser
G[O to Moon

UV Laser

3.S _ 104 12 cm 1000
(2.4 GHz)

3.5 x 104 3 _ S00
(94 OBz)

o*

3.$ z 10$ 800 ms 0.$

3.8 z 10 S 800 ms 3.7

3,8 x I0 S 200 nm 1.9

8 x 107 200 ms 100

Collector (Receive:
Diameter D (m)

C

I0,000

500

150

200

Ioo

39O
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L___ I.A',,VF_ENCEAN ECONOMICAL EARTH-MOON LrVe_:_e

TRANSPORTATION SYSTEM BASED I-AE_Z_A'FOI'_IY

ON PULSED PLASMA GUNS REMOTELY f-._..

RON-LASERS C cii n __ '_"_,__\
POWERED BY FREE-ELECT y g

Lunar \

.o°..

Monthly-Cycling -_

Inflatable Foil Mirror Manned Lunar Shutt_/

Crew Cab,n

Receiver
Pulsed Plasma Gun

Propellant Cargo/

"_"_ r-03 MY,'

ISota, Ce,i

Unmanned Lunar Ferry

"_,_ Geosynchronous Earth Orbit

\\

\\,
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Component technologies for a high power Free-

Electron Laser

/. High-power
electron beam

Electron-beam source

Master oscillator

gO A.Ot|I.]33$

Electron-beam dump

r_
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_ L_'vV_E NCE
UVEF_MC)_E
LABC_ATC)_

Microwave Pulse
from FEL

X12 _i _.Half-Wavelength

.Smm ] _Dipole Antenna__

D,o0e
To PPG via Strip-_ ._.

Transmission lines l " Equivalent Circuit
(a) FEL Microwave Rectenna (FELMR)

(thin wafer VLSI manufacture ==1 kg/m = )

Pulsed DC

/

"Substrate

(b) FEL Photocell Converter (FELPC)

(thin wafer VLSl manufacture _1 kg/m 2 )

- ,,,_,,,,=1 X = 8000 _, silicon, 1.2 volt band gap
Trnax== 3000 K

- uv X = 2000 _, diamond, 5 volt band gap
Tmax =` 1200 o K

Max 1_ cony TM 0.67

I

I

I

Top View
of Rectenna

"Panel-convertor approaches for (a) microwave

FEL beams and (b) ,,f,,,¢d /uv FEL beams
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Table 5

2119188

Comoarison of rec eive_slelec_rica_-c°nversi°n characteristics

fO_ FE_-beam" owered elec_ric- ro ulsion soacec:af_

Solar cells Infrared UV,

silicon diamond

(non-FEL) hococell hococell

AveraS e electrical O.Z

pover/a_ee

Wavelen$_h So]...ar

M&ximum

Conve_sion 0.15

Efficiency _conV_.

Waste Hea_ 1._

Radiated (kW_h/m2 )

2.0
2O 20

800 nm 2.00 am 3 m

0.67

1.0

0.67

I0

0.80

5

Opera,ins

Temperature

T o_ oc * " .

_anel ma__ss

&Fee

k._2 ***

400°K 370 °K 660°3i_ ** 555°K **

130Oc 100 °C
130oC lO0-C

Panel specific
o*

miss (nominal) •

0._ O.OS 0.05

Qe m _e

• T at o x I side = vests heat radia_

t, _Tsm7 exceed 1000 K vi_h diamond semiconductor photocell, or vi_h

f_Id.em._ssioamlc_odiodel for rec_ennas-

e.t A11eages yL.SX-maaufactu_ed refers ( I00 micronJ _hic_.
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Table 7 Characteristic EEL parameters for power the MLS System 2119/88

Parameter

Output wavelength

Averale power

f of units per system

Microwave Infrared UV

GBFEL GBFELs GEOFEL GEOFEL

3 mm (94 GHz) 800 nm 200 mn

20 SO I0

4 f_ 8 - GBFEL l GEOFEL

I - GEOFEL

Type of FEL

accelerator/

vtg$1er

sinale beam,

superconductins

wig$1er,vavesuide

[beam (1) (MeV) 7

[Ebeam (2) (MeV)] [NA]
o

Ibeam (I), (KA) 8

[(2), (KA)] [NA]

Pulse lensth 50

(nsec)

two-beam two-beam

8cceleretor, accelerator

superconduccln 8 superconduc:ing

viEJ[ler, wavezuide wiKRler_ wave_ui_

3.5 (for IOGHz) 3.5 (for 10GHz)

driver driver

[_1o] [500]

8 8

L0.08] [0.051

50 50

Pulse repetition

race (kHz) 20 20 20

Wiggler Field

Bwl (T) 0.5 0.5 0.5

[sv2 (T)] [_] [1.oi [1.5]

Wiggler wavelen$ch

Awl (m) 0.1 0.1 0.1

_v2 (m] [_q] [5 x 1002 ] [3.3 x 10 "2]

Accelerator +

vi$$1er lensth

LI 7+5 7+5 7-5

z_ .. [x,] [3 * s] [5 - s]
Ovecall efflcien(:7 O. 28 O. 25 0.25

_e tAP _i* ouC

* May require three beam tubes, viaglers per ferrice core (Barlecca)

** _vi&gler " 0.40 (capered wiggler), _beam 1 = 0.70, _beam 1 * beam 2
= 0._
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COAXIAL PLASMA GUNS IN GENERAL HAVE ACHIEVED COMBINATIONS OF

HIGH SPECIFIC IMPULSE AND HIGH JET EFFICIENCY MORE EASILY IN A

PULSED-MODE THAN IN STEADY-STATE.

EMPIRICALLY, BEST PERFORMANCE WITH PLASMA GUNS HAS BEEN

MADE WITH SHORT (_ FEW MICROSECOND) PULSES.

DIRECT-CONVERSION OF pULSED-LASER POWER WITH PHOTOCELLS

COULD MAKE A NATURAL COMBINATION WITH PULSED-PLASMA GUNS,

MINIMIZING POWER-CONDITIONING EQUIPMENT ON-BOARD

SPACECRAFT.

THE PRINCIPAL DEVELOPMENT REQUIRED WOULD BE EXTENSION OF

PULSED PLASMA GUN OPERATION TO HIGH PULSE_REPETITION

RATES (SEVERAL KILOHERTZ), AND USE OF ELECTRODES AS

REPLENISHABLE PROPELLANT (LIQUID-METAL-WETTED ELECTRODES,

OR REPLACEABLE SOLID CARTRIDGE ELECTRODES).

SCALING OF ISp AND 9JET WITH GUN pARAMETERS NEEDS BETTER

CHARACTERIZATION TO ALLOW TRIP OPTIMIZATION (VARIABLE

Isp)-

G-13



A COMPARATIVE ANALYSIS SHOWS THAT LASER-POWERED-PHOTOCELL-

PLASMA-GUN DRIVE ALLOWS THE LOWEST-COST PROPULSION FOR MANNED

MISSIONS TO DISTANT DESTINATIONS (E.G., TO MOON OR MARS).

PLASMA GUNS ARE PROVEN TO ATTAIN OPTIMUM SPECIFIC

IMPULSES (2000-3000 SEC)>>CHEMICAL Isp

REDUCES ENORMOUS PROPELLANT COST FOR LUNAR/MARS

MISSIONS.

LASER-PHOTOCELL-GUN SPECIFIC MASS =E (KG/KYE) CAN BE

SMALLER THAN SOLAR-ELECTRIC OR NUCLEAR-ELECTRIC =E BY

1 TO 2 ORDERS 0F MAGNITUDE _ BEATS SOLAR/NUCLEAR

COMPETITORS FOR MANNED MISSIONS WHERE TRIP TIMES ARE

CONSTRAINED BY RADIATION DOSE.

LASER AND OPTICS CAPITAL COSTS ARE MUCH REDUCED WITH

LASER-ELECTRIC DRIVE COMPARED TO LASER-ABLATION DRIVE,

DUE TO 5-6 ORDERS OF MAGNITUDE LOWER LASER INTENSITIES

REQUIRED AT LONG RANGE. FOR SHORT RANGE LAUNCH TO LEO,

LASER-ABLATION DRIVE IS UNIQUE FOR LOWEST COST COMMODITY

(PROPELLANT) TRANSPORT TO LEO.

-?
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+
Coax (or Fiat Plates)
Transmission lines to Matched
Pulsed Laser Receiver(no switches)

L_ LAWI_ENC E
LIVERMOPE
I.ABOFIATOFIY

_lnsulator and support

LiQuid Propellant

to porous Cathode 7

_Gun Trigger

(Spark Plug)

Anc +

Jr Cathode

30' plasma
plume

70 eV
mean Na, K ion

energy

Liquid Metal-Wetted

Porous Molybdenum

Gun Barrel Surfaces

Liquid Metal Propellant (NAK)

to porous Anode

,en-Mesh RadlalTransmission line 1or

access to Space Vacuum, blackened for
Waste Heat Radiation at _lO00°K

Schematic cutaway view of a pulsed plasma gun for space vehicle propulsion

" G-t5



°

Table I0

Per&meter

3108188

Su_Zested parameters for pulsed-plasma _un {PPPG} rocket motors

(FIK. 13) propell_n_ the Manned Lunar Shuttle

Typical present
f

PPC sln_le-pulse Kuns

2 F sec l - 5 _ sacPulse length

Current 15 kA I0 - 500 kA

VoltaBe 10 kV 5 - 20 kV

Gun recovery clme

**
Pulse repetion race

# pulses per

electrode lifetime

I0
i0 needed

50 F sec

sin&le pulse

10 c - 105 (max. achieved)

_t

plasma species

# of fast ions/pulse

Na, K" ions H , D , Re, etc.

2 x 1017 ions at 5 keV 1017 - 1018 ac 5 - I0 keV

I of slo= Ions/pulse • 3.5 x 1018 ac I00 eV 1018 - 1019 at 50 - 250 ev

Vexhaus c
3 x 10 4 m/sac 105 - 10 6 m/set (D ÷)

plume half anqle 30° 20 - 45°

, e

Efficiency [plam
0.45 (fuc lon_) 0.3 - 0.5 (measured for

AE 0.90 (fast ÷ slc_ forts) for fast ioc
capacicoT

only)

Ave. ch,us_ 115 Nev_oml small

Ave. powmr 6 MWe small

Motor Weietm_'(_} 300 k& I00 - 200 k_ _

cefezeacel_raZl and Trlvelplece, "Principles of Plasma Physics °, McGravH£11

1973 p. 30-32.
..

Co match pulsed FEL repetition race.

many ocher propellants (zaseous, liquid, solid) may be feasible, including

cyclin| carcridBee of consumable solid electrodes as propellant.
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_HRieg:e.g,_netition-Pulsed Lasers and Photovoltaic

i've_'smay be Useful for Pulsed Plasma-Thruster
Power

\

• Long electrode life may require keeping the average plasma
discharge and power density _ some _.X__U._, while ...

>lsp, . ..• High plasma exhaust velocity (1_o minimum) may
require plasma discharge current and power oenslty
some _.

• Conflict in the above two demands may be met by scaling the
gun electrode area up to keep _ heat loads low, while
delivering the thruster power in a series of
high-repetition-pulses to raise, the.ll_J_ to _ power
sufficient to achieve me require(] _sp.

• If long-life, high Isp thrusters required high repetition-rate-
pulsed electricity, a pulsed laser/photovoltaic receiver system
might be configured to run pulsed thrusters directly with a
minimum of power conditioning equipment.

If high peak/average photovoltaic power is needed, we need
more data on intrinsic (e.g., junction saturation effects) limits
on the _ photovoltaic power/area.

(_1ot017.qtR_ -m24)

J

_bLIrch 1, 11118

uJ¢

L

G-17



Table I Assumptions used _or Harmed Lunar Shuttle _e=_ormance/cost

calculaclons with dlfferenc powerlpropulslo= _echnoloKies

_Table 3). Laser cases use a GBL rich a GEO relay mirror, for

vehicle illumination range • 3.8 x 105km GEO co Lc,J Lunar

I.

II.

II.

Manned Lunar Shucmla Hisslon

(I) Hpayload - 12 cons, Hshield " 2.5 cons, I0 day one way

trip c_e (Mshleld • 1 con for 2.5 day cha=ical-povared trip).

5 ram round trip dose.

(2) 12 round trip missions per year, 3.8 x 105 km LEO co LLO.

(3) One ray Av - 4.3 km/s (acre1 from LEO * decal co LLO).

(4) Reusable shuttle vehicles cyclAn$ becveen LEO and LLO, with

refuelin$ in LLO via separate s01ar-powered cars ° vehicles.

(5) 250 $ Ib LEO lift costs for propellant, 750 $ ib co LEO, for

refuellns 10 year amortization of caplcal items, full backup

- one seneracins.sYsc_, one on standby.

Propulsion TechnoloKies

(I)

(2)

(3)

(4)

Chemical: I = 290 sac for storable liquid fuel.

sp " - 5 kS/kW-, plasma Suns or
Nuclear/Solar Electric: a e

ion propulsion, with lap optimized for loveac H_S system

cost per year, _Jec = 0.37, _e • 0.9.

Laser Ablation: Solid propellant replenished as cartridges,

no skirt, buc with foil laser concentrators. Specific

impulse (opclmized) scaled as

L/3 2/3

I p " 700 sec (;focus/4 x 10 7 Wlcm 2 )(X/lOp)

_Jec = 0.2, AC " 5.8 x 105 sac illumlnacion (accel + decal

time).

Laser Electric: Liquid metal or solid carcridse propellant

in pulsed plas ma Suns, photocell receivers vich a - 0.5 ks/kUe a_

m 0.|_. maximum photocell pover density 2 kWe/m _ and mess dens;:y

I k$1m 2. Isp optimized for minimum system cost, _Jec " 0.37.

_e = 0.9, Ac = 5.8 x 105 sec illmuAnacion (accel + dec.l) tlze.

Fo_I Content;score (For Laser casesl

(I) mass/area = I0 "z ki/m2 (4 micron A1 foil, or equivalent).

(2) Laser intensity concentration ratios [key parameter varied:

104 co 106 (Dfocu $ " 10"2 co 10 "3 Dconcencracor) for laser
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ablation cases, and 1 _o 10 - I _o 0.3 D(D_ocus concentra_o¢

£or laser electric cases].

IV. G[O Relay Mirror (For Laser cases)

(I) D£££raccion-Limi_ed Opclcs

D . 2.4_ X ZID ,

Z = 3.8 x 108m G[O _o LLO dls_ance)

(2) Mass = (100 kglm 2) _ (0_12) 2

(3) Coe_ = (C I) _ (D_I2) 2 " C2

C I = 2 Helm 2 for 10F, _ MS1 m2 for 0.8 F

C2 - 10.5 H$/_on x Mass (Tons)"

V. Ground Base Telescope/A_mospheri¢ Transmission

(I) Average - ac_enuacion _hrough a_mosphere

2.5 x = properly _uned 10p FEL

5 x - I0.6F CO2 or 0.8 p FEL

(2) LAmL_ on peak laser in_ensi_y (ground)

10! Wlc m2 - lOP

106 Wlcm z - 0.8p

(3) Cos_ of Sround base _elescope

1 2 M$/m 2 x (X D e1214), for lOp,

4 M$/m 2 for 0.8p

VI. Cos_ of'Lasers •

(1) Clase r 2 +

F ep we_

where X = 500 for CO 2 _ _e " 0.10

5000 _ l_l.crc_ave

loo o
20000 F[L 0.8_

(ou_)l? e (in)

r
rep

- pulse repetition tame de_ermined by _ and._
requiremen_s

VXX. _ee_ of Gas Tuvb$ne ?over

(1) C = 500 $1kWe x _e (GBL) (Capital)

(2) A_n_ual fuel consumption for 12 missions:

C$ /yr _v (G_L) 8760 hr x 0.016 $ m 0.19 H$" Fducy -- --

_e q_h yr 103 W * hr HW• •

G-19
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Table 2 Sim?le fo_n.ula_y used for Table 3

Rocket Equation Ln (MilHf) = (Hv I_ . )inC_eme_t exhaust

HI = initial _,S vehicle mass (ks)

M£ = final KLS vehicle mess (ks)

HV£ncremen t - t,300 mlsec LEO to LLO, one way

_exhaust = go _sp (miser), Isp in sac

= 112 exheus +TierElectrical powe_
e

-i
qe x 10 .3 kW___e

We

. G z
where +Jet t/z( sxhaus_ <'_/> -o.37

f l12 v 2 f(v]dv (_)2

for Laser-electrlc

Nuclear-electric

Solar-electric

_e = 0.9

propellant rate m = (M i - Mf)/Ht (ks/sac)

Ht = FEL 4 HIS illumination (accel ÷ dace1) t/._e - 6.7 days

= 5.8 x 105 sac = 2/3 one-way trip time T r

÷M ÷ ÷M
Mf = Mpay $hd Mveh

Where M

M shd

= payload mass - 12 tons for cabin and life support
pay

systs_s for a crew of six.

-'sh£eld _saa required to limit the ro_md trip dose D

D " 9.6 Tt= exp(-l.84 Msh d) ÷ 0.54 _tr exp(-O, ll Msh d) _ 5 Ram

* Msh d = 2.5 tons for optJJm_n Ytr = I0 days (laser, solar, nuclea_

or Nab d ° 1.0 tons for T_r " 2.5 days (chemical case)

Mva h - 0.I MI (mass of dry propellan_ tanks, vehicle

fram_ and rocket motors).

M = a _ (HLS), a - electrical supply specific mass

5 kg/kW• (solar/nucleic)

0.5 (photocell - 0.Sp laser)

0.0 (Chmlcal)

M - fo11 concentrator mass for laser-ablative cases.
-
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° _

Temoorarv crew shield for 10 hour (lhr_" Van Allenbelt crosslnos bY the Manned Lunar

• Attenua_ion factor - 100 Inside 10 kg/m2cabin shell
• Enclosure surface - 25 m2
• Shield areal mass - 100 kg/m 2 (40kg/m2)" ""

Shield mass = 2.5 tons (1 ton)" for 5 ram round trip dose
• Values for faster chemical powered MLS

#

;44

2.4 m

i
I
I
I
I
I
I
I
I
I
I
I
I
I
I

i
I
I
I
I
I
I
I
I
I
I
I
I
I
I

2_m

iq,,4es 4J-M_4IS J_lm
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Manned lunar shuttle parametrics

with one way trip time % _tin
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t= one way trip time (LEO---> LL0) (days)
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Tab1* 3

_&r&/neter

C_a_a¢_e_isc_¢ parameters _nd costs fo_ Man_ed Lunar Shu_le (ML$)
: _ oowered by differ©_ _rl_o_u_isLon technolo_Lesl underSV$ _ S

assumptions _Iven in T_bles 1 and 2

SpecL££c Impulse 290

Isp (s) (Op_imized)

MI,S inLtial mass 101

_L (tons)

MI.S fLnal mass 23

Hf (tons)

_.S propellant 78
use each way [_ons)

H_S laser/electric NA

ML$ focus dia. {m) NA

_LS collector dis. {m NA

G[O relay
mLrror dLa. (_) HA

UplLnk Telescope NA
_ir:or dia. (m)

GBL outpu_ (_v) NA

GSL power (1'_ e) HA

GBL enerzyloulse (kJ) _A

.-

Nuclear/

Solar
Electric

_e • 5

0.8/_ Laser 0/8/; Laser 0.8_ Lase_
Ablation

[lec_.c_-c Electric

Df - - 0.5 a e - 0.5

" 0.3 D¢ Df - Dc

700 Z.500 2.500

G_L rap rate _ (Hzl NA'.
rep

q,nnuel ?:opellan_ 2060
(MS/yr}
10% of NLS vehLcZes 48

cspi=sl (MSlyr)
10% of optics NA

capltsl MS/yr
10% of laser It&

capi_el (_vr)
G_L 8as turbine 10% MA

capital and fuel (MS]yr)
TotaZ _ system 2108

I_ Las'er 10_.Las,_
Ablaclon Ablation

800

Df - I0"2Dc Df - lO'3D

700 700""

102 34 41 36 23.5 23.5

60 18 22 18 19.8

t2 15 19 16 3.7

7.0 (*) 3.1 (v) 3.9 (V) 3.2 (v) 9.0 (v)
6.0 (,)

NA 2.32 0.662 0.7t

HA 232 662 7&

19.8

NA _0 I_ 10

NA 7.3 [I0]* 2.1 25

3.7

62 62

200 62

3.7 11.9

2.4 2.4

HA 7.8 [15.6] 9.8 15.8 45 &5

HA 31 [156] 39 63 180 180

HA 212 [8660] 17.2 238 2.25 2.25

HA 37 [1.8] 566 66 20,000 20,000

1120 _08 507 611 98 98

127 39 46 38 42 _2

HA 78_ [800] 95 460 1_ _:6

NA 428 [854] 38 960 • 27 27

HA 9 [_6] 11 18 52 52

1247 1668 [2147] 697 1887 233 335

COS_ eMelo.t

• quan_i_es in brackets assume • conventional CO2 |as l•ser with 2 x .m_e •_mospher_c

e_tenuation than with tuned FEL.
** Mot optlmlzed; optlsum IspWOUld be sli$huly hL_her, wi_h hi|her laser"
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_Aooendix B. An Alternate Strateav for Low Soecilic Power Reactors Powedrm
lntemlanetary Soacecraft. Based on Exoloitina Lasers and Lunar

G. Logan, Lawrence Livermore National Laboratory

INTRODUCTION \

A key requirement setting the minimum electdc propulsion performance (specific

power ae - kWe/kg) for manned Mars missions is the maximum allowable radiation

dose to the crew dunng the long transits between Earth and Mars. Penetrating galactic

cosmic rays and secondary neutron showers give about 0.1 ren'Jday dose rate, which
only massive shielding (e.g. a meter of concrete) can reduce significantly. With a
humane allowance for cabin space, the shielding mass could be large enough to

prohibitively escalate the propellant consumption required for reasonable tdp times.

One solution that has been proposed is the useof permanently-cycling

spaceships with transfer vehicles, which avoid acceleration and deceleration of large
shielding mass, but which constrain round trip periods to long 4 year cycles. A more
desirable alternative is to develop sufficient propulsion system performance for
sufficiently short trip times that maximum dose limits not be exceeded. Such dose
limits are not yet promulgated for space travel, but for reference, the US limits routine
doses to nuclear plant workers to 5 rem/year, and 25 rein for one-time accident

exposures. Taking the latter for astronauts, the round trip time must be less than 250
days (0.7 year), at a dose rate of 0.1 rern/day. Then, for the Mars mission requirements
discussed in Section 4, the minimum specific power for less than 1000 ton initial mass

and 0.7 round trip trayel time is found from Fig. A1 to be 0.33 kWe/kg. Corresponding
total mission delta "V', specific impulse/power, and propellant consumption are

indicated in Fig. A2, A3, and A4, respectively. Dose limits lower than
25 rem would require higher specific power capability than 0.33 kWe/kg.

Given the present state of knowledge about solar, fission, and fusion candidates

for spacecraft power, we cannot say that such minimum specin¢ power values can oe
assured with any candidate, although, with various degrees of optimism, we might say

that such a performance level might be reac.,h,ed with a .d_,ance,sin technolc_f, - Rather.,
than have the fate of important Mars and other mann(K] mterpmnetan/m,ssmns aepenu.

solely on the achievement of _ _re.shold Sl_.'.fic. po.wers,it _,wou__I:)e=_.p_ent to

seek other paths to achieve such mmsmons, even !lrnsmon or n_on r_u,

0.33 kWe/_ One such concept, which I duo i.,_oEHPAllld , woula sn,e ,un_re,=Dt.m_-_
power reaclOm = a lunar base, and usa their electricity to power large ..... ,.

free-elecCrolt-l_e_, which in turn remotely power lower mass s_n_m_mt_=-,- i"
hk.,h-., ,,,w.a_ nnwmrS. Given that reactors at 0.33 kWencg were mnoeea avJ. _,u,e,

to th.month. ,o, .- w.nng
vehicles instead of directly powering them on-board with the same reactor speonc

power, provided that (a), the laser conversion efficiency were sufficiently high at
sufficiently short wavelengths, (b), the specific power of laser-driven photovoltaics (for
the vehicle electrical power) were sufficiently greater than 0.33 kWe/kg, and (c), a large
fraction of the lunar-based reactors and lasers could be constructed from indigenous
lunar materials. The following description of the LASERPATH concept, and

comparisons of LASERPATH powered cases with on-board reactor-powered cases,
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¢IL|(I_ IIUL c;I.ll O_Lol'°F_l ""_ '""Jr

possibilities thai warrant further study.

. p -- °o

There have been several previous assessments of laser space power
.transmission 1,2 but since these studies were completed, the recent advent of
free-electron-lasers (FEL) in the US SDI program and in the Japanese Center for meet
Science and Technology Development at Osaka appear much more promising to
the desired characteristics for lunar-based laser power transmission: 100

megawatt-level high average power, high conversion efficiency (20 to 40%), high
spedfic power (21 kWe/kg), and tunability to any desired wavelength. The last

.... to match hv to the optimum quantum energy above the
aractenstlc is importa_ .... • ve h" h hotovoltalc power

ch ....... _.;-.,-- ,',notovolta_ receiver, to achle. _. P
banogap OT me vu-,._,_ i.' ,__.. .... ,4--scribed in the next section.
density and converslorl emou,,_7 ,.,o

slc components of one type of FEL, called Inductlon-.Unac
Figure 5 illustrates the ba ' Uvermore Nationm
FEL, or IFEL, which is under development at the Lawrence• "e at ak powers of a gigawatt have been . .
Laboratory. 40% c0nvers'one.ffid'.|...,n_Y_IFELPeatLLNL, and experiments atmucn.sn°_er -

recently demonstratea in a mlc_uw=,,_, asic tvoe of FEL ddven by an RF Linac is unaor
wavelengths are under way. Another b -, r (and also in Japan). Both approaches
development at Los Alamos National Laboratory
accelerate an electron beam to high energies, and. pass the beam.through.a_seri.es ot_

fields, called a w_ggler, as shown in P_g. 5. I_roviaeQ-
alternating transverse magnetic in t I ht wavelength, w_ggler field,
certain relationship be_een the electron energy, pu ig
and wiggler wavelength are satisfied, the pedodic transverse motion of the electron
beam in the wiggler field amplifies the input light intensity. Because the gain medium
in the FEL is simply a bunch of free electrons traveling in a vacuum magnetic field, and............ ,um between the w_gglarand reflective

because there need be no wmaow _ s.pa__ z.Vno_ndamental limit on the laser intensity
smitler o_lcs, mu,u ,o ,,,,

(Cassegraln.type) tran ..... --'- -"r an,, constraints on the wavelength set by any
the breakdown ol matuna,a, ,,v 1. ......... ,,i...eltv in an FEL can oe qul_u

set by ...... .,.I.. ,° in ndndple, me i_wv. ,.,-,,..,.z .....
atomic optical tran .smons.:H_.u_ _,_=_ desired value.
high, and the wavelengm auju=,_, .-, .-..I

......... .4,,.. the maximum IFEL power density
Instead of being limited W.. t.neg_nm_u_'",_'_,_netio materials used in UIO

,, ,-- ---. _ CooIinn of the olew:m; -,-,, ,,,,,-'- .-',,_ ,_ e,,,,4,,,_ tvnical energy
WOUK]ou _,_ ,,e "_" --' accelerator modules m rig. o. ,._v,,._ ._.,- -::. "_'L
ma netic pulse sou.rces.ano. _. _ ,.....,..,_ u,.,-_ _r Idlooram, the qntnns_" ,r=

spedflc power In these a(x_m,mv,,,

alFEL 0¢Idnsic) = 0.1 kJ/kg x Frep(H z)

depends oll the pulse repetition rate Frep. With solid state switching, the upper limit on
• nt ex edtobe 10to

Fren set by cooling is curre ly poc_.,,_ ,.u,.._,,, _,m _ssible. Of course, the overall

2() _lohertz Thus, intrinsic aIFEL > ,u-_- ._,.,,,_ -.. ,-_.,...,,,re wiaolers, power
• . " lOWer OUO tO _u _.,_'.' , _,,, ' t

IFEL system specific p_.er _11 be _iu_J1 Thus, the maximum ,stem aIFEL might no
su lies and space raoiators ;o_ _, _,-PP .... "- this s_flc power, the laser system mass wilt be

la er than 1 Kwe/Kg. _ v-.--- . ....be much rg • no raolators.
dominaled by the structure, power supphes, a
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The transmitter to direct the laser beam out of the FEL to the spacecraft
photovoltaic receiver millions of kilometers away needs to be very large, both to limit
diffraction losses discussed later on, and to allow adequate cooling at the high beam
power levels envisioned. To achieve diffraction-limited beam quality, the favored

• approach is to subdivide a large aperture transmitter into many smaller mirror
segments. Each segment would be a thin, hexagonal wafer supported and adjusted by
a set of three small, computer-controlled electromagnetic or piezoelectric actuators. In
this way, arbitrarily-large phased optical transmitter arrays could be constructed at a
moderate areal mass of about 40 kg/m2. Balancing beam losses (using optical

coatings) with radiative cooling would limit average beam intensity to about 100
kW/m,,Z. This corresponds to a transmitter specific power of 2.5 kW(beam)/kg, 10% as
much mass as the IFEL at 1 kWe/kg and 25% efficiency.

The adaptive optics would control the beam phase front to within a small fraction

of a laser wavelength, correct for thermal and gravitational distortions, and provide a
small angular range of electronic beam steering. The beam would most likely be
directed to a relay mirror (also adaptive) at a high synchronous lunar orbit, and then

redirected to track the spacecraft. The space, craft receiver would best be a large
diameter, parabolic foil collector (<10 -2 kg/mZ areal mass, D r -- 1000 m diameter),

which concentrates the laser beam onto a smaller ( Df -- 100 m) photovoltaic array at

much higher areal mass (<1 kg/m2). The characteristics of this photovoltaic array is
discussed next, and then the allowed laser transmission range versus laser power will
be estimated.

PHOTOVOLTAIC RECEIVER CHARACTERISTICS

It is well known that photovoltaic conversion efficiencies with spectrally-narrow
laser light can be much higher than with solar radiation, much of the latter spectrum
falling uselessly outside the semiconductor band gap.3 A promising photovoltai¢
candidate for a Mars LASERPATH mission is thin diamond-film semiconductor, now

under development at several laboratories. With a 5 eV band gap energy Eb, a high

conversion efficiency (e.g. 70%) might be achieved with UV laser wavelengths of 100
to 200 nm. 4 Furthermore, the conversion efficiency, should remain high up to higher

temperatures, allowing more waste heat radiation off the wafer beckside$.

For 100 g.-thick thin film photovoltalc array at 1 kg/m 2 areal mass (including

structure), and _ equal total foil collector mass, a spadflc power of I0 kWe/kg would
require 30 kW/m z average IMerlntensity on the photovoltaics (300 WlmZ on the foil

collector), to .l_duce 20 kWe/m x of photovoltaic area. The waste heat radiated would
be I0 kWttVn_ off the bad( side, giving an equilibrium photovoltalc temperature of

670OK.

An important consideration for manned missions is reliabirdy, with backups to

system failure, if possible. With 4 month one way trip limes, failure of the lunar base
reactor or laser may permit time to repair (if the failure occurs midcourse), using the
lunar base infrastructure, or even shipping up spare parts from Earth. Building-in

redundancy (an extra reactor and laser, for example) also helps. But ultimately, if all
else fails, a LASERPATH system has an emergency backup energy source, albeit with
less usable power: the sun. In pdnciple, the large foil collectors envisioned could also
deliver solar radiation to the photovoltaJcs, up to the limit imposed by photovoltaic
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temperature limits and waste heat raOlation. Por olamona photocellS, me oanog.ap

efficiency wou p _' . •
since the concentrated solar flux and operating temperature can be hogher, the

diamond photov01taJc array might still have solar output of electricity comparable to
i nal ._ilicon solar cells (-0.2 kWe/m2). With emeRency "solar .power, a .

convent o . . .-. ,--.. ,...,.,.- n vided it was not neany out ovpropallam
LASERPATH Vehicle coum ,-,v .v,,,o, ,.ro a hi her dose with a longer
when the laser failure occurred. The astronauts may get g

solar-powered trip home, but they would still survive.

o

ow that we have determined laser intensities at the lunar-base transmitter (100

kw/mN), and on the photovoltai¢ array (30 kW/m 2 within Of, the collector focus), we can

determine a relationship, between average laser power PL and range R between

transmitter and the foil receiver (collector), provided we specify the ratio of foil receiver

diameter to photovoltaic (focus) diameter. Dr/Df:

Dr = (Dr/D0 Df = (Dp'Df) [(4/_)(0.9 PL(W))/(3 x 104(W/m2))] 1/2 (1)

Dt - [(4/s)(PL(W))/(105(w/m2)) ]1/2 (2)

Now, diffraction relates the product

according to

OrDt = 2.44 R I= 220 PL(MW),

DrOt to the range R and the laser wavelength I

(3)

re we have used Eq 1 and 2. The results are plotted in Fig. 6 for various
wh.-e,--n--,,,_h=I We see ;tom Fig. 6 that, for the short gv wavelengths we. _as___me,a

Ma%'_S='ERPATH mission can = achieved with 200 .MW.__I_r I_= erenL°mT:rto
• either more r, or several Loser su_m..,_, ,

wavelength lasers require . ,.- __.po__,J._,. ,,,,,,,,,tar manned shuttles supporting a

permanent base, it woum oe ,_
UV laser on the Martian moon Phobos.

nd trl tllwel time (25 rem dose) reClUlllNI 1_ MW
0.7 year rou _P - • fltcle and 8 70% conversion

r. With a 90% foil colkK:tion • ncy
10 kWe/kg llle(:l_._l_¢_, t . .__._ ,,,-,-,-r is 129/1'(0.9)(0.7)] -200 MW. Thus, there is a

_cie file requlma _r uww,, p,.,,,,,, .,, r stem• no/, .L _,__, ...... z._,,, nts and the LASERPATH powe sy
good match between mo mis_on ,m4u,,m..e

performance.

LUNAR REACTOR MASS

Finally, we can address the perfo.rmance r =eq_D_emT_entmS_ronkJn_"_narm._:e _
r r_wer sources) to power xne Ma_ ,..-_,;,--,-,- ; ...... __ ,__.

(or othe. ,,.- ,-. ,- "--,--'--,.,, _ _°=_,',n or fusion reactors, or even _ . .
power sources ¢oum in i_,._,v ,_ :,_._. _,..,,..,,0 solarn_wer satellite proposaJ, in

lar ,_wer stations as envis_onea In r-utuu ,,J,a¢,,,-._ ,.--: ....
so -_. " ' ......... • .,_.- ,,ro,-,,=llant and vehicle mass savings maae

• we i uire wnemer o, .u_ t.,, _, _,--any case nq ......... ,._, .... _ offset the =]reater reactor or power source
possible by laser onven pnomvu,_=_,= ,-_,_,_. ,,
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mass incurred by the inefficiency of laser conversion in the LA..'SP_HPATH scheme.

Taking our IFEL laser example with a conversion efficiency of 25%, the 200 MW laser

power output demands an 800 MWe lunar-based power source, ten times the 80 MWe
required for an on-board power source with the 0.33 kWe/kg specific power necessa_
to meet the same 0.7 year round trip mission (see Fig. A3). If one assumes the vehicles

are reusable (but keep an extra spare vehicle), one could compare the sum of the

vehicles' power/propulsion system mass and the total propellant consumed for say, 10
round trips (20 years, given the 2 year Earth Mars Synodic period), with the

corresponding sum in the LASERPATH case plus the added mass of the laser (Mlase r

= 800 MWe/(0.9 kWe/kg) metric tons, including the transmitter optics, laser power

conditioning, cooling, and supports) and the added mass of the reactor (Mreactor = 800

MWe/ar). Such comparisons are presented in Table 1, for two on-board power sources

characterized by ar =0.33 kWe/kg (the minimum required for the mission - case 1), and

ar - 1 kWe/kg (case 2), to represent the aspiration of more advanced fusion-powered

vehicles, to be compared with two LASERPATH examples (cases 3 and 4)

characterized by lunar-reactor specific powers of 0.33 kWe/kg and 0.067 kWe/kg,

respectively. As the specific detail of optimized lunar reactor designs is beyond the
scope of this work, I seek to characterize such reactors by specifying only their specific

power. The lunar reactor case 3 with 0.33 kWe/kg is chosen to compare with case 1,

having the same specific power for an on-board reactor which can barely meet the
mission requirement. The lunar reactor case 4 with 0.067 kWe/kg is chosen to illustrate

what happens with a specific power no better than SP-100 nuclear units, which cannot
meet the Mars mission as on-board reactors (at lest, with <25 rsm round-trip dose

constraints).

LUNAR MASS UTILIZATION

Normally, one compares total mass between compelAng space power systems

meeting the same missien, since-transl:x)rt "a_J__costs to LEOcould Ikely docninate over
terrestrial material and fabdedon colts for >10,3 ton space _ When that is the

case, the unit costs of vim/cUffeRmt matedais and fabdcatfons tend,_t0be del'_r to the

same tra_s_n costS_l¢ unit mess. This is even more likely tobe tl_ case for

lunar spasms, _trdlll_xHmm the Ea¢l_ tothe _-were _ ..-

Now,4he NASA_Ip) of exploration is Sl:X)nllbdng studies old. use of lunar

materials for spacec_Oi_lm, and ways to __vt!do__ies and

structures eqll Lm.wy  ' l*mng a lt , madeof.lunar

steel st_ and _ of low.i_mic-number _lar-wind gaslm l_in the finer

lunar dust ¢lnlxl Qutgaued I_'heatino (1"12, .H2_ I'kl, CO2, eta). W]lllOUt &detailed

design, one can't (_ltermlne what frectlen fm 0_a-given lunar sy_, mJCh4m a reactor,

could be made Of Inclgenous lunar mated=de. However, if S _ flrlct_n of.

reactor systems, (which might be dominated by stmCllin; Ihiek:liil_lmn_.e r iron in

power supplies, etc.) cou_ be made of lunar matedallrmxI furthermore, if such a

fraction were differentforcliffeqlBttypes f rdctors, (u4s likelyt -h,tbe(ise), then the

importa_mpadson betweerf_ompeflng pml:_..leion system=_, kl._.b_the.._tal E_'_
minus any'-lunar-odgin mass, I.e., the mass pomon that must be transponeo _rom
This assumes that the unit cost Of Earth-origin mass much exceeds the unllk_st of

lunar-orl(lln ,Etass, which would be the case if the total lunar mass of each type
produced were a large multiple of the initial investment of lunar mining and
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manufacturing equipment mass. If the lunar production equipment mass were not
negligible, it could be included as an effectively smaller lunar mass utilization factor fro-

I will not attempt to fully justify the fm values assumed in Table I, which are picked

primarily to illustrate how the impact of large fm fractions might change the comparative

system economics of the various cases. I inserted just a tiny bit of logic to the fm

assumptions: for the fm values pertaining to power generation and conversion (reactors

and lasers), I suppose that fm can in general increase with decreasing specific power,

on the argument that, the higher the specific power, the narrower the choice of
materials which can reach the higher performance levels, and the more likely such

specialty materials would have to be transported from Earth. Thus, I chose fm= 0.02 for

a = 10, 0.18 for a ,, 1,0.45 for a = 0.33, and 0.95 for a = 0.067, for either reactors or
lasers, which reflects this tendency, although theactual values are arbitrary. I would
like to mention, at least in the case of magnetic fusion of which I am most familiar, that

fm = 0.95 is not obviously impossible to achieve. At 800 MWe and a r = 0.067, a 12000

ton D-3He tokamak (5) might consist of 4000 tons Superconducting magnets

(consisting of 3400 tons of iron-nickel steel structure, 300 tons of aluminum stabilizer,
and 300 tons of superconducting wire), 3000 tons of steel neutron shielding, 2000 tons
of blankets (which could be a simple, helium cooled, ferritic steel structure), 2700 tons
of heat injection space radiators (mainly low-pressure steel tubing), and 300 tons of
solid-state microwave rectenna convertors. If meteorite-derived steel can be used,

there would be essentially only 600 tons of superconductor and rectenna convertors to

import from Earth.

As for the vehicle propellant, I assumed two different values for fmp = 0 and 0.7, to

illustrate the impact 6! using imported propellant (fml_T 0), such as argon or sodium, or

using lunar-derived propellant, such as hydrogen. MOst electric-powered plasma
thrusters would run on eithar heavy noble gases, alkali metals, mercury, or cesium,
none of which are lil_ly to be luner indigenous, U to their intrinsic volatility. Although

hydrogen is difficult to use in eleotdc thrusters, and d]ffl¢_ to store for long periods,
these prol_ms might be overcome in the future.- 11_ _n exists only in trace

amounts in lunar soil,, so fmp should not be too doseto unity;when accour_ for the
hydrogen extract_ " ,Ik:luef_, and atomOe equlpmo_

CONCLUSION_- ': : --:_ ": "_" - _.

From tl_rm_l_ laTable I we clMedmw some conck_ons (some more

qualitative _ qua, until more analysis kl done).

O) The--mllonale for LASERPATH hinges mainly on _ high a specific power
fission, fusion, or solar power systems carILbe de_ for powedng manned

vehicles: if, for example, sufficiently advanced fusion reactors could achieve ar =

1 kWe/kg, then it would be best to pursue the conventional approach, with the
reactor carried on-board. If, however, a r - 0.33 kWe/kg, then a mission with less

than 0,7 year travel time and 25 mm doses cannot be achieved at all _th
on-board reactors, and in this case the LASERPATH approach might meet the

mission requirement with lower specific mass reactors, and with comparable total
mass investment as If a r - 0.33 kWe/kg reactors were available.
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(3)

(4)

photovoltaJcs, adaptive transmitter optlcs, and efficient free-electron-lasers, all of
which appear to be promising, but remain to be demonstrated at the performance
levels needed. NASA should encourage and participate in such developments,

as a hedge againstthe uncertaintyof reactorsreachingthe highspecificpowers
required for on-board power systems.

The actual commitment of mass transport from Earth to establish lunar power
reactors and lasers might be heavily influenced by the availability and suitability
of lunar materials in their construction. NASA should sponsor a study, in

conjunction with the ongoing lunar resource studies, to explore the different
degrees to which different lunar power sources--fission, fusion, and solar--can
utilize lunar materials, and in doing so, encourage innovative thinking from

reactor designers to more fully exploit lunar materials, i.e., reoptimize the reactor

designs for the lunar base development.

As the duty factor required for Mars missions every two years is low (-35%),
investment in a lunar LASERPATH system could be utilized for a variety of other

space enterprises in between shots, further leveraging the investment.

"i

- . •
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Table 1. Case Comparisons of Propulsion System Mass: On-Board Reactors versus

Lunar-Based Reactors + Laser Transmission.

Parameter

_ _ c_e3 Case4
On-Board On-Board Lunar-Based Lunar-Based
Reactor Reactor Reactor Reactor

0.33 kWe/kg 1 kWe/kg 0.33 kWe/kg 0.067 kWe/kg

Manned Mars Vehicle
Power,

Specific Power

Two-Vehicle Power

System Mass (MT)

80 MWe 115 MWe 129 MWe a 129 MWe

0.33 kWe/kg 1 kWe/kg 10 kWe/kg 10 kWe/kg

480 (264)b 115(94) 26(25) 26(25)

Propellant (MT) for
10 round trips 6300[ 1890]c 908[272] 1601481 160148]

Lunar-based Reactor

Mass (MT) NA NA 2400(1320) 12000(600)

Lunar-Base Laser +
Transmitter Mass (MT) NA NA 800(722) 880(722)

Total Pwr/Prop/Sys d

Mass (MT) 6780 1023 3466 13,066

Total Pwr/Prop/Sys
Mass (Mr), Non-Lunar" -_ _. -_ _ _ - ._ __.,,

Origin, if fmp" 0 : (6564) (1002) (2227) .... __ _l_J_/

Total Pwr/Pmp/Sl_-_-" _:''- - -

Mass _ --_ ... ._. - --_-:::- ,--.... _ _-'._- :_.i54T _ -_:" r-"uu_._ _ [2!15] : _:'-_ "_;[1395]

.._L,..,... ,,,.._ __ ,.vJunn power Of wunar-oamm ma__ -m-,,,, -".'
V_:Jllll%,_PUO_PglmPll_l_.gpeunnkmlnenunl_O _P'"'"-- _ .... - .-- A.a_,=L.._--'. • A 41'4,_,p,._llf't"'J'_l

kWe/ko lu__ factorstin: o.o;_vora - 1_ u.:o mr =- ,, u.-,_ ,v, o v.._.,,

0.95 for l_ pmpollant frnp = 0 or 0.7 (as mdlcated).: _ :, ..

aFoil concI__ + l_1Otovoltalc array for vehicle power (case 3 ano _ _

bFigure__ests lubtra_, mass of lunar origin (1 - fm)M.. :

dlncludesvehiclepower systemsfor 2 vehicles,propellantfo_O mp¢ ano _unar-oas
reactors and lasers, where apple. =÷ -= -_¢_.
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. BEAMED LASER PROPULSION
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LA_J SPACE PROPULSION TECHNOLOGY DIVISON

LOW THRUST PRIMARY AND AUXILIARY PROPULSION

INTEGRATED H/O SYSTEMS

lAPS OFFERS MAJOR LIE_RAGEJ

OfllNTER
APZ IM4gl

- KLIIS

M_

MEAST $0#g1

MlSSIOm

• AI_ MA_ IS 11.4q/e TO ll.P/e OF ORBITER

RATIOSOF CUMULATIVE DRAG-MAKEUPAND REBOOST
PROPELLANTMASS TO LEO PLATFORM (ISF) MASS

(WATER RESlSTOJET, Isp OF 152 S)
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-r "T_

llillli e.li

|.|

It-2



GEOSYNCHRONOUS TRANSFER ORBIT MASS FRACTIONS
FOR RECENT COMMUNICATIONS SATELLITES

1.0

FRACTION
INJECTED 0.5

MASS

0.0

M_ PA°PULSI°N

INTELSATVA SATCOMKu 3 INTEI.SAT1/I
(THREEAXIS) (THREEAXIS) (SPINNER)

CO-p,,-4Q 2113

LJI_'=I_ SPACE PROPULSION TECHNOLOGY OrV/SION

GEO ORBIT TRANSFER MASS DISTRIBUTIO N(1)

100

75

LEO MASS, % 50

25

0

---- PAYLOAD
--- SECOND STAGE
--- FIRST STAGE

PROPELLANT

(1) 5250 LBS BOL/GEO PAYLOAD, TITAN IVflUS
FROM AIAA 89-2496 "Electric Orbital Transfer Veh_e - A Military' perspecthte', S Rosen

and J.Sloan AFSD. I[-3



PLANETARY
1.0--

FRACTION
INJECTED I.S-

MASS

SPACECRAFT INJECTED MASS

_ ._
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IIIIIII

l/llll/
IIIIII1
IIIlll/
Iii1111
IIIIIII

!!!!!!!
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:!:i:i:i:i:;_:i-:' :

ll/lllh
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Vlllllli
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fiill/h
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o.o '//'/111'_ ....... -------------
PIONEERVIKING CRAF
lO& 11

FRACTIONS

em

C0,-,11'Ie-,402112

L'_]]_ SPACE PROPULSION TECHNOLOGY DIVISION

SOA IN-SPACE PROPULSION IMPACTS ]

• 11 TO 19% OF SHUTTLE ORBITER MASS

• MAJOR LEO PLATFORM RESUPPPLY PENALTY

• 55-65% OF GTO INJECTED MASS

• OVER 80% OF PLANETARY INJECTED MASS

ETO & STV PAYLOADS OFTEN DOMINATED BY
IN-SPACE PROPULSION

FRACTIONAL PENALTIES OF IN-SPACE PROPULSION
REOUIRE INCREASED PERFORMANCE
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_[__,_-_ SPACE PROPULSION TECHNOLOGY DIVISION
I M,f I1,_ •

Lm P,m_.=rc_ G_mmr

• GROUND

• SPACE

BEAMED LASER PROPULSION CONCEPTS

LASER BASING

,_ DIRECT

- HYDROGEN ROCKET

- LASER SUSTAINED DETONATION

• LASER TO ELECTRIC

L,_TJ SPACE PROPULSION TECHNOLOGY DWISION Lo_,e Ruelm_ CeAW

I
LASER SUSTAINED H2 I_OCKET

i
BEAMED LASER PROPULSION CONCEPTS ]

LASER TO ELECTRIC

(_41 t't'Tllt¢ tlm_ It IR

lap (S) - 500 - 800 (?) 500 -1500 (?) 1400 - 10,000

MODE RP CW CW

APPLICATIONS LAUNCH EARTH ORBIT EARTH • Pt.ANETARY ORBIT
LEO AUXILIARY - OTV - O'P/

- AUXILIARY - AUXIUARY
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L_r_ SPACE PROPULSION TECHNOLOGY DIVISION

J BEAMED LASER PROPULSION "j

OBSERVATIONS

CONTINUOUS LASER POWER NOT ESSENTIAL

. IMPULSIVE PROPULSION EFFECTIVE & SOMETIMES OPTIMAL

- POWER STORAGE NOT REQUIRED

MANY STUDIES INDICATE BENEFITS OF BOTHEARTH & SPACE
BASED BEAMED LASER PROPULSION

i

GERMANE/ON-GOING LERC R&T

ELECTRIC PROPULSION
CONJUGATE/"NON DIFFRACTING" WAVES

H2 ROCKET (SUPPORTED BY SDIO)

L_.T_ SPACE PROPULSION TECHNOLOGY DIVISION Le,m Remm_ C,_w

I ELECTRIC PROPULSION 1

• CONCEPTS

• SUMMARY STATUS
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ELECTRIC PROPULSION

THREE CLASSES OF CONCEPTS

ELECTROTHERMAL

GAS-HEATED BY RESISTORS

AND/OR ARCS AND EXPANDED

THROUGH A NOZZLE

R ESISTOJETS

ARCJETS

PULSEO

ELECTROSTATIC

• IONS ELECTROSTA-

TICALLY ACCELERATED

- ION

ELECTROMAGNETIC

• PLASMAS ACCELERATED BY

ELECTRIC AND MAGNETIC

FIELD8

-m t
. IqRJIED PLASMA

ELECTRIC PROPULSION

I STATUS

77 SPACE TESTS CONDUCTED

TYPE

ELECROIHERMAL

ELECTROSTATIC

ELECTROMAGNETIC

ORIGIN

33 CHINA 1

16 JAPAN 7

28 USSR 21

USA 48

77 77

(1) SCHREIB, R., AIAA PAPER NO. 88-0777, MARCH 1988
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ELECTRICPROPULSION

I STATUS I

LOW POWER (ORBIT ADJUST) SYSTEMS OPERATIONAUBASEUNED

• NOVA
- PULSED _

• SPACE Sl"AlION
- RE_'TOJETS

• US& FOREIGN COMSATS
- RESISTOJETS
-ARCJETS
- ION

(:_.lm.aTs3o

AEROSPACE TECHNOL OG Y DIRECTORATE

LOW POWER ELECTRIC PROPULSION

LM AetmI_h ¢oMw

¢..

ARCJET SYSTEM DASEUNED ON TELSTAR IV I
CO-tO-4Slq
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BEAMED LASER PROPULSION

ON-GOING LERC PROJECTS

• PHASE CONJUGATED/"NONDIFFRACTING" WAVES (I-H)

H2 LASER ROCKET (1) (CONTRACT WITH COMBUSTION
SCIENCE INC.)

(1) SUPPORTED VIA SDIO/IST

L_TJ SPACE PROPULSION TECHNOLOGY DIVISION Lm Rlumch C,4mll

GROUND BASED POWER FOR REMOTE

$pA(_ECRAFT PROPULSION

ATMOSPHERIC PROPAGATION • PHASE CONJUGATION

BEAM SPREADING • "NONOIFFRACTING"
BEAMS
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Dumin, Miceli, Eberly
(U. Rochesler) Demomlra- .
lien of iew power optical
lk_el betm proptlplion
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Gamslamwavesin water
(-Ira)

Shen et al (Harvard Ualvtr-

Jty) Demonstrated preper.
lies of eleelresagnelk
"mhs'h_ wilh energy

decreasing < r"2 (- ISm)

Atmospheric Pmll_plion
US. Navy MIRACL laser

rr_m
OSAlrhllhpewerCO2
laser_m

- _ C_permtkmRelayMirreM

SDlapplkaltms

Wlnlhel
Fm IIII I
Ad,_,,,,_tle,f,,'dmt,,n

Ongoing Nun_rous institutions
Phase conjugation experi-

ments invohlnl 3 and 4-
wave mixing, sfimubted
flrille.ifl sc_allerint•

SIGNIFICANT ACTIVITY ON CONCEIq'S RELATED TO NONDIFFRACTING AND I
I'HANE CONJUGATED WAVF-_ FOR REM(TrE.LY TRAI_LSMHW_.D IN, WElt I

L4_=_ SPACE PROPULSION TECHNOLOGY DMSION
_'lw_ce mo.amm'_.umuw _ _

PHASE _;ON,,IUGATION

ALTERNATIVE TO ADAPTIVE OPTICS

NON-LINEAR OPTICAL EFFECT

- "DYNAMIC HOLOGRAPHY"

- EXACTLY REVERSES OIRECTION, PHASE OF INCIDENT
BEAM

- ELIMINATES EFFECTS OF DISTORTING MEDIUM

Ir iil_

N .
.,M

#ram i_ivscl im

nlluol
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PHASE CONJUGATION

• THREE-WAVE AND FOUR-WAVE MIXING

EM beam self-intertctionl

E-fields in phuc,.hlgh local intensity

P.,-fie|ds mit o( phue, low intensity

intedcq'enee pattern, sones of wu'ious refrt,:tive indices

"dynamic ho;olFtphy"

/_ _Iq4_4_NJUQA_ 8F.J_

L_ Aesem¢_ Cemel

SPACE PROPULSION TECHNOLOGY DIVISION

PHASE CONJUGATION

PHASE CONJUGATE METHODS:

• STIMULATED BRILLOUIN SCATTERING

eo_nterprolm4g_ialg bt.amJ Igen_ mad warn in Imttedld

¢hul_eS density d mteriJd (¢_rnpres6on/r_'factim Iones)
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"':q_ PHAS_ CONJUGATION

q;

IDEALIZED PHASE CONJUGATE SYSTEM

Ir_k:Jent
Wave

-.%
Returned
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uncllslottecf
wsve

f

Obnonlon
Cau_nO

(eg.etmosph_)

_k

Dbtorted
Wave
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01me_ _mve

.1,,,.

IW
_Wwe

pheseConJ_m

.IJ_Jouln
Scetten_

,,Four WtnnJ

L_,TJ SPACE PROPULSION TECHNOLOGY DMSION

Phase Conjugation

Space Propulsion Applications ]

low ;mine _ _ u_ u_

_ Phase Con_uQMe
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Lm R.,De_ C,emw

PHASE CONJUGATION

IN-HOUSE PHASE CONJUGATION EXPERIMENTS

... ;'"*' T'

,

--_ -- PHASE-CONJUGATION _

• IN-H_ FACILITY OPERATIONAL

- 3,4 WAVE MIXING
- LOW POWER HeNe4.ASER
. BaTIO 3 PHOTOREFRACTIVE CRYSTALS

.I_REST AMONG CIVIL/DOD COMMUNmES
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LA_TJ SPACE PROPULSION TECHNOLOGY DIVISION IMI]_ll

I " WAVES J

SOLUTIONS TO THE WAVE EQUATION WHICH
TRAVEL WITHOUT SPREADING

• PULSED GAUSSlAN WAVES (LLNL)

• I CONTINUOUS BESSEL BEAMS I(U. ROCHESTER)

• ELECTROMAGNETIC "MISSILES" (HARVARD U.)

• ELECTROMAGNETIC "BULLETS" (HARVARD U.)

L,_II_ SPACe PROPULSION TECHNOLOGY DWISION
_¢ml_•_ •III¢'IBImlU

DIH,KACIIONLESS/PHASE CONJUGATED WAVES

Lmb Rmm._ ¢,mW

[CONTINUOUS WAVE BESSEL BEAMS[

EXPERIMENT*

CgUJiTl_

m

mwm

EXPERIMENTALAHRANOEIENTFOR
CONSTRUCT1NOBESSELBEAMDISTRIBU110NS

lJ

R
um

.J

,,1 .4 J; JI LII

zpm

BEUS. BEAMPflOPAaAlIOIIVI_
STANDARDRAUSSlAN

Zmax = R C( 2/t,/o_. )2-1_ 1/2 1

* J. Dumin, J. Micell, Jr., J. Eberly,
"Diffraction-Free Beams," phys Rev Le_,
58(15), 1987 pp 1499-1501.
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I CONTINUOUS WAVE BESSEL BEAMS I

M

1
2

Oeomr 8t_u.s

M

4 5 6

1).L,_r
2). Expanding lens

3). Collimating lens

4). Baame_ beam aperture

5). Apperture lens

6). Beam sizing lens

7). Beam diagnostic pith

M - Mirror S - Beam stop

L'_"_ SPACE PROPULSION TECHNOLOGY DIVISION

"DIFFRACTIONLESS" WAVES

RESULTS

BESSEL BEAMS DIFFRACT

NEW ANALYSIS OF PUBLISHED RESULTS

- PROPAGATION DISTANCE = fD/d

- PUBLISHED RESULTS WORSETHAN DIFFRACTION LIMIT

H-15



L,_Wl_J SPACE PROPULSION TECHNOLOGY DIVISION L_,J_,_ I_u_o_ Cammr

"DIFFRACTiONLESS" WAVES

STATUS

"NONDIFFRACTING" WAVES DIFFRACT

- UNPUBLISHED NRL STUDY* QUESTIONS OTHER
"NONDIFFRACTING" BEAM EXPERIMENTS

NEW CONCEPTS TO ENHANCE PROPAGATION DISTANCES

(a) CHOOSE LENS SYSTEM SUCH THAT fD > ]]_
d 4).

(b) USE OF PHASE CONJUGATION TO CANCEL WAVEFRONT
CURVATURE

P. Sprongle rand B. Hafizi, "Comment on Nondtffracling Beams," to be

published In

L 'lrJ SPACE PROPULSION TECHNOLOGY DIVISION.;.
Lmi RNee_ C4mw

_11o41M all' ¢ll¢lD_l IIW

i LASER ROCKE'I _1) I

BUILD & DIRECTLY TEST A 10KW H2 LASER ROCKET (AT U OF ILL)

- ANCHOR THERMAL & PERFORMANCEMOOELS

- DIRECTLY EVALUATE THRUST VS GEOMETRY & CONDmON

. DESIGN AND FABRICATE A IOOKW H 2 LASER ROCKET

(1) SUPPORTED YllA SOIO4ST
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_ i DLF_BL_Um | _ N_IML D

_ o_o. Thruster Layout _0

• Specific Impulse = 600 - 700 sec
• Pressure = 1.0 atm

• Plasma Effidency - 35%
overa,Efnck._V- 20_

• Mass Flow = 01 g/sec
• Throat D" .3ram
• Thrust -0.5N

zam

C,mlm-'Mm Ikhmm, kin.

Sp,,I I'_pubm Ol_m_m 100 kW Thruster Layout

• _, 1.0m
• __ ._
• _ E_ .. 45%

• M_m Fkm, - O.SO_.c
• _ =7_
• _ =_0N

i
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,L,_D SPACE PROPULSION TECHNOLOGY DIVISION I_L__ •
,zBIZZmm,m:ZFerO,_a_' _¢W_

I LASER ROCKET (1) J

STATUS

• TEST WITH ARGON HAVE DEMONSTRATED:

. ABSORBTIONS OVER 0.85
- THERMAL EFFICIENClES OVER 0.3
- SUSTAINED MULTIPLE PLASMAS

• H 2 PERFORMANCE MODELS COMPLETED

• 10KW H2 ROCKET & TEST STAND FAB NEARLY COMPLETE

TESTS PLANNED FOR MARCH/APRIL/MAY

• IOOKW DESIGN COMPLETE

(1) SUPPORTED VIA SOqlOnST

L,_'_m_ SPACE PROPULSION TECHNOLOGY DIVISION

ABSORBTION
EFFICIENCY, %

S ---
I--I

I,_l ftm _m D_

J LASER ROCKET STATUS (1) J

OVERALL THERMAL
EFFICIENCY, %

TWO STABLE
PLASMAS

I=--I _Jj..

• ! s w |

Mug mm _Ip

(1) TESTS ON At. UNDER AFOSR-87-0169
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L_TJ SPACE PROPULSION TECHNOLOGY DMSION

LASER ROCKET (1)

PLANS

• COMPLETE 10KW, H2 ROCKET TEST PROGRAM

• ADVOCATE FOR FAB & TEST OF 100KW, H2 ROCKET

• INVESTIGATFJADVOCATE TESTS WITH HIGHER POWER LASERS (2)

- LABORATORY
- RELD

(1) SUPPORTED Y_k SOK)nST

(2) PROPRIETARY INFORMATION AVAILABLE

L_'l=J SPACE PROPULSION TECHNOLOGY DWISION

i BEAMED LASER PROPULSION i

SUMMARY

MITIGATION OF SOA IN-SPACE PROPULSION PENALTIES REQUIRES
PERFORMANCE IMPROVEMENTS

POTENTIAL BENEFITS FOR EARTH & PLANETARY PROPULSION

- VIA GROUND & SPACE BASED LASERS
- FOR LAUNCH, ORBIT TRANSFER, AND AUXILIARY PROPULSION

STEADY PROGRESS ON LASERS, PROPAGATION, AND ROCKET
CONCEPTS

MAJOR LEVERAGES FOR NASA PROPULSION
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Photovoltaic Energy  COnverters

Geoffrey A. Landis
S'v_'drup Technology

NASA Lewis Research Center
l_otow_tatc Branch

•rechno_ Workshopon Laser_ Pou_
NASAL_s Research Center

5 February 1991

Space Station Freedom Photovoltaic Power System
Mass Breakdown per module
(28 kW power produced; 18.75 kW av. user power)
Element Mass Fraction

(ka)

PV Blanket 890

mast 330

gimbal 540
electrical equip. 610
thermal control 730

mi_c. inter, ration ffl_
total 3710

f__O

24.0\---Array is 1/4 of total _ystem mass8.8,,\
14.5-.-_ Array plus structure ts 1/2 mass

16.6

19.6
16.5

not including:
Batteries: 1300

Charge/disc. unit 290

fm
I-1



100 kW Photovoltaic Power System for a Lunar Base

(revised to include Balance of System mass = 3x array mass)

M_u

Solar Array cell thickness efficiency specific power array total

t_tza ma f__ _ fJed Oxed

Present technology Si 62 13.5 130 1250

next-generation C_raAs • 6 18.5 300 540 2150

advanced Cascade 12 25 450 360 J.4 _.

in -situ resource a-Si 2 10 1O0 1620 6500

Storage DIB&

Present technology
next-generation
advanced

in-situresource

Ni-H batteries

RFC. conv. storage
RFC, cryo storage
composite flywheel

specificenergy
_W.hrlt+_) 0t+2 4¢ oF

14 2,400.000 <--I00 IIIJ.v
J

3oo 11o.ooo+,-
1500 2tl,240 (--- _,
20 1,680,000

mass is calculated for a lOOkWdaytime power requirement and 50% nightpower,
with the assumption of 80% storage efficiency.
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A plot of reported values of Voc for various 1TL-V solar cells
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ACHIEVABLE EFFICIENCY FOR A SINGLE JUNCTION SOLAR CELL
AS A FUNCTION OF THE BANDGAP OF THE MATERIAL
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Boeing GaAs Cell NASA Test AM0

0.2

O.

E

0.1
C
O

U

Conc = 99.84 suns
Voc = 1.123V
Isc = 0.1827A
Max power - 0.1728W
Imp m 0.175A
Vmp = 0.987V
Efficiency - 23.88% (AM0 simulator)
Fill factor - 0.84

Temperature = 25"C

0 __.__._L_
0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

.2

gl_q, IL 14Rll lID:SlAId NfcJq rl-a_

The solar cell power equation:

P = Isc • Voc • CFF

P = power

Isc = short circuit current

Isc is linear in intensity

Voc = open circuit voltage
Voc is logarithmic tn intensity
Voc = Voc + 25 mV [In 0sc/I_]

CFF = curve fill factor
CFF varies between about 0.75 and 0.9

increases slightly with Voc

decreases dramatically when cell is resistance limited

I-6 •



Efficiency Vs. Concentration Ratio
for GaAs Cells

Efficiency (%)

('AM0)

25

24

23

22

21

20

19
1

t
No
concentration

/ m'"urlmlnt
ratio

L
i | I | llllJ i I I | | I I1| I I | | I Illl

10 100 1000

AM0 concentration

I_K_mbor4 19_PII $TMM MT_09_

L, -r3
4r_Nw

POWER TECHNOLOG Y DIVISION
Lmm _ C,em_

_t

>.

,A 111

u.
u.
tad

19 I i i I I III I i i I 1 | i IT

17 | | I I I I III I I ! I I I l|

10 100 1000

CONCENTRATION ISUNS)

Plot of efficiency u¢ concentzsUon (AM 1.5) of • 1.72 eV ,_tOs._l concentntor

lubc'etl IPrown on • GIL._I substzste. The pesk power con_llrSion etflcioncy is 18.8_ under

400 Suns, and the efficiency is 16% under 1 Sun conditions.

(>,,.n,,: 7zo ,,,,)
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Transparent GaAs External QE
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PO WER TECHNOLOG Y DIVISION
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0"71
0.6
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0
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0.0
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wavelength (am)

1200
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incident _ The dashed ltne tnd_cat_ the ldesl (un.tty qum.ntu.m
dllciency} specU_ _-.sporu_-
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Calculating solar cell power for monochromatic light from
solar cell datau

I. Calculate Isc from spectral response times Intensity

IscC_}= SRC_}(mAImW} -X(mWlcm_}
2. Calculate cffectlveconcentration ratio

Xleffectlve) = IscO.)/Isc(l sun}

3. Calculate power from curve of efficiency vs. intensity

P = 135 mW/cm 2 • _IAM0(2_

P = I00 mW/cm 2 • _IAMI.5(X}

Note: Spectral response can be calculated _om quantum efficiency

SR(mA/mW} = QE. 1240/%(nm)

If e_ciency vs intensity information is not available, ef_ciency can be

approximated as long as series resistance is not significance by

assuming
Voc = Voc (I sun) + 25 mV In(X}

I-I0
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Conservative and optimistic projections for future efficiency

(in percent)

Material

---future_

curr_n¢ (conserv.) {ovUm.)

Si 19

GaAs 21.4

CalnSe 2 11.2

Opt. Thta-_ 8.6

T-F Cascade 12.5

19.5 22

22 25

12 13

12.5 15

18 20

POWER TECHNOLOG Y DIVISION

Specific power for conservative and optim/stic projections for

future efficiency (does not include cove)

_ckn_ _te current
Material f_ons} [microns} (]_f_kg)

_futurem

Si 60 - 1.8 1.9 2.2

GaAs 60 - 0.9 0.9 1.0

CuInSe 2 3 6 7.0 7.5 8. I

Opt. Thin-film 3 6 5.3 7.8 9.4

T-F Cascade 6 6 3.9 5.6 6.2
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Advantages of Thin Film Solar Cells

(I} High Radiation Tolerance
{2)High Specific Power. potentially >I kWlkg
(3)Large Area solar ceilswith integral Interconnects

(4) Flexible blankets
(5)Large (bY space power standards} body of array

manufacturingcxperlcnce
(6}High tolerance to micromcterold or debris impact

(7)Low cost

Disadvantages of Thin Film Solar Cells

(1) Lower efficiency

(2}Lack of spacecraft experience

(3)Lack ofAM0 data
(4)Not currently produced on lightweight substrates

am

Thin Film Photovoltaics: The Choices

Amorphous
Silicon
("a-Si')

Copper Indium
Selenide
("CIS")

Tandem
a-Si on CIS

Well studied
15 MW+ manufacturing capacity.
Demonstrated on thin substrates
Light-induced degradation ~ 10%

High Eg

Emerging material
Highest- e-fficiency in a thin film
solar cell to date
Not. demonstrated on thin substr.

Low.Eg

"Holy Graft": efficiency of 15-20%
possible
materials demonstrated

seperately;
• Tandem only demonstrated in

mechanical stack to date

1-13



Advanced Light-weight Thin Film Cells

element
M l.gt_ a_

_ lO.8
Wtal 13.7

mass (_rlm 2)
2.7- back AI thinned to 2000 A

e_: 7_% (A_O) _ _wer 7SO0 W/kO
with 25_ _ cover:. 1500 W/ka

All-lunar materials:

M 1.9_ a-S/ 2.7

_ eo
Wta/ 62.7

back_thlnnedto2oooA

e_: 7.5% (AMO) speci_ power ZeBOW/k_
with 25_ glass _ 880 W/kg

Front surface

/

Resr surface
_ooves

Body of the eell

'tg. 42: Proposed light-trapping structure utilizing V- Grooves etched on

_e cell front and bark surfaces
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Fig. 4S: Typical Light Path in Cros_pmoved Structure
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Fig. 4S: Dependence of the Confinement Ef_ciency on the IncidenL Light

Angle for the Grooved Cell Structure [from Campbell and Green, ltd. 59]

Dashed I_ is _ coa_ameat; §Uec] and open cb"cJa are cross- Ip'oo_e¢l strtsctare

w_th difftrznt r_i_ o4" groovt wklth to thick,_-
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Implications of PV technology for laser beamed _Jor the.

Moon from Earth

I. The overwhelming majority of the mass of a PV power system for
the moon is the mass of the energy storage system required to power

the base over the 354 hour night.

2. Balance of systems (power management, etc.) adds a sl_li_nt

amount to the mass of a power system.

3. For all cell types, efficiency rises slowly as intensity increases as

long as temperature is kept constanL If temperature is not
controlled, efficiency decreases with increased intensity.

4. Solar flares will reduce efficiency due to radiation damage. This

can be reduced by shielding the ceils with glass, or by chosing
radiation resistant solar cell types such as inP.

5. Solar cells optimized for conversion of monochromatic light will

also have good efficiency for sunlight for most materials of interest.

Conclusions

(continued)

For cells near the optimum bandgap for solar conversion,
monochromatic light efficiency is twice the solar spectrmn efficiency
If a material is chosen at optimum bandgap for monochromatic light,
the theoretical efficiency will be about 50% regardless of wavelength

(however, for very long wavelengths active cooling will be requiredl)

GaAs solar ceils have the highest efficiencies of present cells.
Conversion efficiency is -50% for laser light at intensities of I

kW/m 2 near the optimum wavelength of about 850 nm. The
efficiency decreases sharply with longer wavelength, and linearly
with shorter.

Silicon solar ceils are cheaper and have peak response at about 950
nm. Current cells are not optimized for laser power conversion and
would have monochromatic conversion efficiency of about 30%-40%.

Light-trapping ceils with optimized long wavelength response could
have peak efficiencies approaching 45% at about 1000 nm.

Thln-film solar cells will have efficiency for monochromatic light of

I 0-20%, but are extremely cheap and potentially very light weight.

This technology is not yet space qualified, but is advancing rapidly.

Wavelengths outside the range of about 600-900 nm will require new
materials to be developed if maximum efficiency is to be achieved.
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t_aseune t_nalysIs

-Laser provided power at night only

-Array intercepts 10% of the incident power

array produces 200 kW day power
thin plastic reflectors augment area of array during night by 4X

-lens (or mirror) on Earth radius I m; laser wavelength 400 nm
illuminated area on moon 31,000 m 2

-50 kW power at moon
2 MW of power needed (forty 50-kw lasers)

-Two choices: either have multiple laser stations to present
continuous illumination, or else storage is required for 12 hours
when laser is out of line of sight. However, 12 hours of storage is
still about 30 times better than the 354 hours required for the full

lunar nighfl

ref: G.A. Landis
"Solar Power for the Lunar Night"
NASA TM- I02127. 1989

"Moonbase Night Power by Laser lUuminatlon"
A/AA J. Propu/sion and Power. to be published
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NASA Technical Memorandum 102127

Solar Power _or the Lunar Night

Geoffrey A. Landis
Lewis Research Center

Cleveland, Ohio

Prepared for the
9th Biennial SSl/Princeton Conference on Space Manufacturing

sponsored by Space Studies Institute
Princeton, New Jersey, May 10-13, 1989
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SOLAR POWER FOR THE LUNAR NIGHT

Geoffrey A. Landis"

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

Providing power over the 354 hour lunar night provides a considerable
challenge to solar power concepts for a moonbase. The paper reviews
concepts for providing night power for a solar powered moonbase. The
categories of solutions considered are electrical storage, physical storage.
transmitted power, and "innovative concepts'. Electrical storage is the
most well-developed option. Less developed electrical storage options are

capacitors and superconducting inductors. Physical storage options
include storage of potential energy and storage of energy in flywheels.
Thermal storage has potentially high energy/weight, but problems of
conduction and radiation losses during the night need to be addressed.
Transmitted power considers use of microwave or laser beams to transmit
power either from orbit or directly from the Earth. Finally, innovative
concepts proposed include reflecting light from orbital mirrors, locating
the moonbase at a lunar pole. converting reflected Earthlight, or moving
the moonbase to follow the sun.

"National Research Council--NASA Research Associate.
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1. Introduction

The possible options for the power source are solar (either photovoltaic

or dynamic}, or nuclear. There is interest in making a lunar base solar
powered, due to the considerable political and technical barriers, real and
perceived, to the use of r_uclear power. A permanent lunar base is a
considerable challenge for solar power technology, due to the necessity of

providing fourteen days of power during the darkness of the lunar night.
While some base systems can be shut down or run at reduced power during

the night, other systems, such as running greenhouse lights, providing alr
recycling, etc., may even have increased power consumption during the

night.
For a typical moonbase design, the storage required for lunar night

operation will be the major mass component of the electrical system. For
conventional Ni-H batteries with 32 W-hr/kg (current technology), a

100kW daytime power requirement and 50% night power, one estimate
puts the mass of the batteries alone at over a million kilograms [1.2]. In
contrast, the photovoltaic panels themselves would be quite light: 500 kg
for an APSA technology array with thin Gabs cells [1]. and potentially even
less for advanced thin-film technologies [3.4[. Clearly, then, higher

performance concepts for power during the lunar night would be desirable.
Due to the high cost of delivering mass to the moon. the important

engineering figure of merit for an energy storage system is the energy to
weight ratio, or specific power, measured in watt-hours per kilogram
(W-hr/kg). A similar consideration is applicable to beamed power and
innovative power systems, where the effective stored energy is equal to the

power times 354 hours. Other important figures are the ratio of charging
energy to energy output during discharge, or energy efficiency, and the
lifetime, both of which must be high: and the required maintenance, which
should be low. Of considerably less importance is the capital cost. since

the transportation cost is likely to dominate the total cost.
Finally. for long-range use it is important that the system can be

manufactured from materials which can be mined and refined from
available lunar resources, since the long-term evolution of the lunar base is

likely to be by a "bootstrap" process. It is widely accepted that solar cells
can be manufactured on the moon. however, for a self-sufficient lunar base.

it is important that the energy storage (or transmission) capability also

have the possibility of being locally manufactured.

This paper brieflysurveys and discusses the possible op_ois for night
power. The paper is intended as a brier aria pernaps supernc m survey of

the concepts proposed, and should not be taken for a comprehensive
criticalreview, which has not to date been written.

The concepts discussed can be divided into storage technologies and
continuous power concepts. Storage includes electrical storage methods

and physical storage methods, while continuous power concepts can be

roughly categorized as transmitted power systems or "innovative

concepts'.

t_
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2. Electrical Storage

Electrochemical Storage

The existing state of the art in electrical storage for spacecraft is the

nickel-hydrogen (Ni-H) cell. The specific energy for the best cells
currently on spacecraft is 32 W-hr/kg (Intelsat-Vl) [5], with 45 W-hr/kg in
the prototype stage [5], and up to 75 W-hr/kg projected [6I. Lithium and
sodium-sulfur batteries, neither of which are currently in use, have the

potential similar specific energy, up to a maximum of about 100-150
W-hrs/kg 17].

A potentially lower mass technology is the hydrogen/oxygen
regenerative fuel cell. *Regenerative" indicates that water produced

during the discharge is electrolyzed by the solar panels during the
charging cycle. The technology is not fully developed. The highest mass
element is the pressure tank required to store the reactant gasses.

Current technology uses steel pressure tanks, with a specific power on the
order of 50 W-hr/kg. Next-generatlon technology will use composite
(Kevlar) filament-wound tanks, with specific power on the order of 500
W-hr/kg. Even with composites, the tanks still comprise nearly 60% of

the system mass. Future technology may use cryogenic reactant storage.
with up to 1500 W-hr/kg [8]. The technology will require a cryogenic
refrigeration plant to liquefy the reactant gasses and store them at

cryogenic temperatures.

Capacitive and Inductive Storage

An alternative to electrochemical storage is energy storage in

capacitors or inductors. In a capacitor, energy is stored as electrical

charge on layers of metal separated by thin insulator film. Capacitors have
lower specific energy than electrochemical storage, typically under I
W-hr/kg. although capacitors of up to I0 W-hr/kg are possible, and 20
W-hr/kg is seen as a reasonable goal in the timeframe 2000+ [7]. An
attractive possibility for the long term could be capacitors manufactured

using aluminum as the metal and SiO2 or AI20 3 as the insulator, both

refined from locally available materials.
The amount of capacitance required would be very large. For example.

at a storage voltage of I0 kV, I00 kW of storage for 354 hours would
require over two thousand farads of capacitance, a very large figure by
conventional electronic standards.

In inductive storage the energy is stored as a magnetic field associated
with a continuous current flow. To avoid resistive losses, an inductive

storage system would necessarily have to be made using high critical field
superconductors, and such storage is often referred to as "Super-
conducting Magnetic Energy Storage System', or SMES. Recent advances

in high temperature superconductors (I-ITS) make inductive storage more
reasonable [7], since the inductors could possibly be shielded from sunlight

and Earthlight and need no refrigeration. The recently discovered class of
high-temperature superconductors are composed of materials that. except
for oxygen, are not generally found on the moon. However. HTS
technology needs to be significantly advanced in terms of critical field.
current densities, mechanical strength and stability, and the ability to

make the materials in the form of wires.
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Typical inductive storage projects using conventional (Nb3Sn) super-

conducting technology have specific energy of about 0.5 W-hr/kg. For

example, a recent design for a 14 kW-hr demonstration superconducting
inductive energy storage ring had a coil mass of 26 tons [9]. However. a

design study for a 5 GW-hr storage ring estimated a mass of 50,000 to
270,000 tons (depending on the design) [lol. for a specific energy of
18-100 W-hr/kg. This mass is for the Nb3Sn superconducting coil alone;

additional elements such as mechanical supports are likely to reduce this

value to only a small fraction of the cofl-alon e value.. ......... , _.. _.o

The  umate nmlt to the spec c energy an moucpr o.'
strength of materials, which must withstana me magneuc gorcc_ y..

syste_n. The upper limit is about 300 W-hrs/kg at s t_ct__ratlaltirne _
assuming that composite materials are usea.lor me .s_rc,_u,_
elements. Current storage systems do not approach tins amxt.

Potential Energy Storage

On Earth, the most common energy storage medium used by electrical
utilities is Earth's gravitational field, where the storage method is to hold

water behind a dam, running it through turbirl.es when power_is d eosired _
Due to the absence of water on the moon, this Is not a usame somu •

variation of this concept suitable for.the ,m_oon would b eto oStnOrcea_lleds
release energy by lifting ana iowetnng tunar _u_A_....=,
suspended from a tower, raised and lowered by an electric winch. The
advantage is that the storage medium, roc_ks, are easily available and need

no processing., The problem is that it is dUncult to store mucn energy tm_
way--the moon s gravity is Just too feeble. The storage capacity is about I
kW-hr for each 150 ton boulder lifted 30 meters.

Energy storage in the form of compressed air_ has also be enstudiedas a
method of load-levelling for electrical utilities on _arLn.. .-,,_

applications typically use an auxiliary combustion stage to neat the gas
during the discharge phase [11]. Storage is typically in natural caverns or

Energy storage without auxiliary combustion is not competitive onmines.

Earth 112|. This is unlikely to be a.use.ful s W_r__e,ts__te.m °nvt_e _omb°°_rouin;h_
auxiliary combustion is not poSSlDte, me gas _tscu wuu:,, ,,- ....... ,_._
......... ,___. t__ ,_.. -arlv use (for expansion, lunar genc_ctLcu
from tne ,_m'tn, at ICU_L.SUL ",y __ J . ...... • _.... " ,-averns are unlikely
oxygen may be an option], ana leagprool naturm ,u,,_, _-,
to be available at the moonbase site.

q4
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Thermal Energy Storage

Thermal storage is being considered for the solar-dynamic power

systems planned for use on the phase two version of space station
"Freedom" [13]. In this storage option, energy is stored in the form of

heat, typically in a phase-change material. The heat storage itself is
expected to have specific energy of-250 W-hr/kg [141, although only a
fraction of this will be accessible as electric power. Thermal storage is a

much more likely option for space station applications, where the storage

required is only 30 minutes, than for the moon, where the material must
remain hot for fourteen days. This is a viable option ff the primary power

system for the lunar base is solar dynamic. Since the energy losses are
likely to be dominated by radiation loss, a low-temperature system is more
amenable to long period storage than a high-temperature system.

An alternative version of thermal storage is to use lunar rock as the

storage medium. This drastically decreases the amount of material which
has to be brought from Earth. In a low-temperature thermal system, an
insulated pit containing lunar rocks would be heated to a storage
temperature of-300 ° C by embedded heat pipes carrying solar energy
during the lunar day, and this energy would be used to run a heat engine
during the night [15]. In a high temperature system, the regolith could be
heated to 1700°K [18] and thermal radiation from the hot rock used to

illuminate a photovoltaic array optimized for IR conversion. Radiation not
usable by the solar cells could be reflected back to the source. Eder [I ol
estimates that, neglecting losses, a volume of regolith 4-5 m in each
dimension should suffice to provide 100 kW of night power.

The difficulty of this system is insulating the rock bed against heat loss
to the surrounding lunar soil. Higher temperature systems have
considerably greater difficulties with both radiation and conduction losses.
although the higher energy densities allow more compact storage and thus
reduced surface area. This problem has not to date been analyzed in

de_th. Solar furnace designs for melting regolith are discussed by Lewis
[ ], who estimates that a 21 ton mass of regolith glass will cool from

1700°K to 1200°K in roughly 1.5 days [18]. However. if this could be done
without a large amount of required mass, the system weight could be

considerably lower than that of other storage methods.
Losses in thermal systems decrease as surface to volume ratio

decreases and thus are less important as the system s lze in.creases. The

cooling time of larger mass systems scales proportionately to me cuoe root
of the mass. Thermal storage thus becomes increasingly attractive for

larger base sizes.
Since a manufacturing facility is likely to use many high-temperature

processes such as magma electrolysis or glass manufacturing, the waste
heat of the processing could also be used for the electrical power [17.191.

If thermal storage is to be considered, issues of conduction and
radiation losses during the night must be examined in detail. Because of

the long storage times, thermal storage is unlikely to be competitive using
present day materials, but may be possible with improved materials.
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Flywheel Storage

A final possibility is storage as kinetic energy by use of a flywheel. The
best current technology flywheels have specific energy of about 20

W-hrs/kg. A composite flywheel with specific energy of 120 W-hr/kg at
failure has been demonstrated [20] (not counting support systems, bearings.

motor/generator, etc.) Counting a factor of three for safety margin and
50% additional mass for support systems, this comes to about 36

W-hrs/kg. These values are considerably below the theoretical limits of
advanced composite materials [21], about 300 W-hrs/.kg at failure.

A problem with flywheels for terrestrial storage is the requirement for
vacuum. This is not a problem on the moon, where the vacuum is available.

A second problem is that a flywheel must have a containment' system: to
prevent high-velocity fragments from causing injury in case o[ a
catastrophic failure. On the moonbase, the flywheel can easily be placed
below ground level, where this is also not aproblem. ._ _ -- _ _J

It is likely glass fiber for a composite uywneel coma De manmacmrea
from available materials [191, albeit with ultimate strength less than that of
advanced composite fibers such as Kevlar or graphite. Materials for the

polymer matrix, however, is not likely to be available. If a metal matrix.
such as titanium or aluminum, could be used, then flywheel storage is an

attractive option for future storage based on locally manufactured, all-lunar
material technology.

Flywheels have losses due to residual friction, eddy currents, etc.,
which in some cases can be quite large. These losses would have to be
reduced to below about 0.2% per hour for flywheels to be useful for the

entire lunar night.

4. Transmitted Power

Power could,be beamed to the moonbase in the form of an

electromagnetic V_ve. Beamed power has been investigated in some detail
for other applications, including satellite solar power systems (SSPS} [22].

The main options for the beam are microwave or laser.

Electromagnetic Beams

The fundamental limit to the transmitter and receiver aperture sizes is

set by the diffraction limit,

rrrt= 0.61 d k (I)

where rr is the aperture radius of the receiver r¢ the _erture radius of
the transmitter, d the source to receiver distance" and _. wavelength.

For a microwave beam, aperture size is the antenna radius; for a laser.
it is the radius of the lens or reflector used to focus the beam. (The
receiver radius is here defined as the first zero in the diffraction pattern;
this contains 84% of the beam energy. If a larger fraction of the

transmitted energy is to be captured, the receiver aperture must be larger
than this value.) The minimum total area is when the transmitter and

receiver are of equal size, and the area is proportional to the square of the

wavelength used. Thus. it is important to use the shortest practical



wavelength (Le., the highest practical frequency).
The power efficiency of a microwave beamed system is projected to be

very good, both as the transmitter and at the receiver; typically over 85%
can be expected, with efficiencies above 90% not unreasonable. Unlike
laser systems,, an additional receiving rectenna is required on _e surface.
A difficulty of mlcr_ systems ls_that to mrm narrow oeams me
antennas need to be large due to diffraction effects. However. a microwave
antenna can In prmctple_e made from a very_ght metal mesh. Microwave

_mission at 2.5 GHz IA =10 cm) has been demonstrated. 30 GHz (g = I

cm) has been id_ntlfled _s a target frequency for transmission. Shorter

wavelengths yet would be desirable.
Laser transmission is an attractive option because optical wavelengths

are considerably shorter than microwave wavelengths," which reduces
diffraction effects and allows narrower beam spread and consequently
much smaller apertures. If the laser wavelength is selected properly, the
receiver can be the same solar array used to provide daytime power. Laser
power transmission is discussed by de Young et a/., [231. A difficulty is that

the power efficiency of conventional lasers is typically not very high, e.g.,
about 10% for a Kr-F excimer laser. Free-electron lasers have potenUally

efficiencies as high as 65% [24] as well as high power and a wavelength

range down to < 0.2g, but are extremely massive, too massive to be used

except for a surface-based system. De Young et aL recommended
development of large arrays of diode lasers for power transmission. Since
the maximum power of each individual diode laser is typically about one
watt, an array consisUng of a very large number of individual lasers would
have to be used. Arrays of diode lasers have recently demonstrated power
densities as high as 50 W/cm 2 with total energy efficiency of 40% [251.

An attractive alternative is the possibility of a laser directly powered by

solar energy, which increases the effective efficiency by eliminating the
intermediate step of conversion of solar energy into electricity [26l..

The efficiency of conversion at the receiver is also not nearly as high as
microwave conversion. The best solar cells can be expected to convert
about 50% of the incident light into electricity at the optimum wavelength

(energy Just higher than the bandgap). For photovoltalc receivers the
efficiency drops to zero for wavelengths much longer than the optimum.
For wavelengths shorter than the optimum, the expected efficiency E is

roughly

E = 11 {optimum} ( _'laser / Zcutoff) (2)

where 11(optimum ) is about 50% for the best cells, and )'cutoff is

determined by the bandgap of the solar cell material,

_.cutoff{}_) =2.24/Eg
(3}

Thus, as long as all of the transmitted power falls on the receiving
array, the solar cell material is preferably tailored to the laser wavelength.
or vice versa. However, if the spot size is larger than the receiving array, tt
is optimal to decrease the wavelength to put more of the power on the
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array. This can be from seen comparing equation (1) and equation (2).
The beam area is proportional to rs2. and so the fraction of the beam which

is intercepted by the array increases as _,2, while the efficiency only

decreases proportionately to k.

Transmitted Power from Space

A question of considerable importance to beamed power systems is the
best location for the primary (transmitter} station.

Placing the primary power station in low lunar orbit (LLO) minimizes
transmission distance. Low-lunar orbits tend to be unstable for periods of

more than about 100 days; this means that the orbit will have to be actively
maintained.

If a single primary power satellite is used, it will be in line-of-sight to
the base for no more than half of the orbit. A LLO satellite will also be in
the lunar shadow for a considerable fraction of its orbit. For a I000 km

orbital altitude, the orbital period is roughly four hours. Thus, several

hours of energy storage will still be required at the base. Since providing
several hours of storage when the satellite is on the other side of the moon
is considerably easier than providing 354 hours of storage for the entire

lunar night, this is still a major improvement.
Alternatively. at least three primary power satellites are required if one

is to be in line of sight of the base at any given time.
Placing the primary power satellite at libration point L-1 (between

Earth and Moon) requires transmission of power over a longer distance.
The advantage is that only one satellite is needed, since L-I is always in

sight from near side of moon. The orbit is unstable for periods greater
than about 50 days, but the corrections needed are small if the location is
not allowed to drift very fax from the equilibrium point. Occasional

eclipses by the moon and the Earth will interrupt power for brief periods.
Placing the primary power station on the lunar surface, at a location on

the far side of the moon preferably exactly 180 ° away from the base.

requires the use of one or more relay satellites to transmit the power.
This allows a single photovoltaic array to be used, fixed on the surface. The

requirement for relay satellites means that this arrangement is unlikely to
be more efficient than producing the power directly at the satellites.

An alternative to beaming power would be to transmit the power across
the surface of the moon on a physical link from the second solar array on
far side of moon. This would require roughly 5500 km of power lines:
about distance from NY to San Francisco. While the link could be a

conventional high-voltage lines, possibly made from locally-available
aluminum or calcium, resistance losses would be high unless extremely

high voltages were used or very large diameter wire was used. (For
example, at 0.I cm 2 cross section and I00 kV. the resistance losses for a
100 kW system are about 20%, and the mass of wire required is about

600,000 kg). If two ground power stations were used, each located 90 ° in
longitude from the base. the transmission distance would be halved and
the wire mass proportionately decreased. The required transmission line

length could be greatly reduced if the base is not located at the equator.
For example, if the base is located at 60°N and the transmission lines run
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across the north pole, the total length can be reduced by a factor of three.
This has an additional advantage that the lines could probably be

"tapped" at points along the length to run remote experiments, as well as
to serve as charging stations for electrically powered exploration vehicles.

Use of superconductors for the lines would eliminate the resistance
losses and allow lower wire cross section. These will need to be kept cool:
this could be done by shielding them from the ground and from direct

sunlight (also possibly from reflected light from the Earth).
Alternatively, the link could be fiber-optic llght-guides (made from

locally available silica) which direct a laser beam.
In any case, this option is likely only for an advanced moonbase.

Beamed Power from Earth

Finally, power could be beamed directly from stations on the Earth.
The advantage of this is that electric power is cheap on Earth

(-5c/kW-hr), and there is no need to loft a large solar array or power
beaming equipment into cislunar space. For the following example I will

assume power transmission by laser.

Consider a baseline system with a wavelength _, =Ip= 1.10 -6 m. Thisis

the approximate wavelength range for a Nd:YAG laser (1.06 _t), or a GaAs
laser diode array, and is near the optimum wavelength for conversion for a
Si solar cell. d(Earth-Moon) is 3.8.108 m, and the lens diameter is 2
meters. A two meter diameter lens (or mirror) is very large by telescope
standards (for example, the I-Iubble Space Telescope is a 2.4 meter
diameter mirror). However, the lens need not be telescope quality. The
lens could be a fresnel lens, or, since it need only function at a single

wavelength, a holographic optical element.
For diffraction limited beam spread, the spot size is 230 meters; the

illuminated area 170,000 m 2. For the array specified at I00 kw and a solar

conversion efficiency of 18.5% efficiency, the array area is 400 m 2. and so

the array intercepts only 0.25% of the beamed power. The required beam

power would be 85 MW.
This can be reduced by decreasing the laser wavelength to 0.5_t and

increasing the solar cell bandgap from l.leV (Si), to 2.0 eV (GaAIAs alloy).
This is about the widest bandgap that will still give good solar conversion

efficiency for daytime power (also, wavelengths below about 0.3_t begin to

be significantly absorbed in .the atmosphere.) Th.e array is then oversized
by a factor of two over the slz e requl.re..a..Ior .aaYume power, and stationary
reflectors are used to intercept an aaamonal rector of 4. Since the Earth

not require
is nearly stationary in the Lunar sky, these reflectors do
tracking, and need be no more than thin reflective sheets of plastic. The
array will now intercept 8% of the beam. If 50% power at night is now
assumed, the required beam power is 2.2 MW. Further reductions in

power could be achieved by the use of a larger area of thin reflectors, as
discussed in the next section.

Note that the total system requires twice as many lasers as are actually

in use, since at any given time half will be on the wrong side of the Earth.

Such a system would utilize many lasers from different sltes--presumably
desert areas and mountaintops--so that laser failure will not interrupt
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power. The required 4.4 MW could be provided, for example, by 56
eighty-kw lasers (twenty-eight of which are running at any given time).
Such power levels are high compared to those achieved by current

technology CW visible light lasers, but in the range likely to be reasonably
achievable for future high-power lasers. It is many orders of magnitude

of
higher power than currently achieved by diode lasers. Problems
tracking, reliability, and atmospheric turbulence.rema_, to be .addressed.

The intensity of the beam at the s!te .is conslaeramy ross m ,an__s__ta_s
intensity, and thus would not present a tmzara to oase persormc_ un c_
they look directly into the beam. Th_is hazard could be removed ff the sol:ar

locatedin anareaw ch is keptoe to ts=onau .o ng. °
night, or if the suit visors and the windows of the oase are aeslgnea
incorporate a rejection filter at the proper wavelength.

5, Innovative Concepts

Solettas

One proposal has been to use "Solettas', or orbital mirrors, to reflect
sunlight to the surface solar panels [27]. The fundamental limit to soletta
illumination is the minimum spot size d s at the receiving array. This is

fixed by the angular diameter of the sun and the orbital altitude:

d s = ha + dm (4)

where h is the slant range between the orbiting mirror and the ground

spot, a is the angular diameter of the sun (about .01 radian), and dm is the

mirror diameter. The spot size can be decreased by lowering the orbital
altitude, but this means that the fraction of time that any particular mirror
can view the receiving array also decreases, thus increasing the required

number of mirrors in orbit. When the mirror size dm is less than ha. the

illuminated spot size is constant and the illumination intensi.ty decreases
with mirror area. Except for very large systems, me spot stze ts mucn

larger than the solar array, and thus the array intercepts only a sm_l
fraction of the energy reflected by the mirror. The mirror size neeaea is
thus independent of the array size. Consequently, the concept is most
suited for very large power requirements.

An initial design discussed by Criswell [27]. as shown in figure I, is
calculated for 800 kW of night power. Four mirrors are assumed, each 40
km 2 in area. The illumination level is 1 I% of the daytime illumination.
The mirrors were assumed to be fabricated from light-weight solar-sail

with total mass of 1 million kilograms.technology, a

Finally, itgoSohdOUld be noted that the soletta concept requiresexceptionally mirror surface accuracy and pointing accuracy at
comparatively high slew rates. A quarter degree of pointing error will
result in the illuminated spot missing the surface array; a similar amount of

ripple in the surface will defocus the spot. These surface and pointing
tolerances are considerably higher than those needed for solar sail

technologies.
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Conversion of Earthlight

The Earth is nearly fixed in the lunar sky. This raises the intriguing

possibility of utilizing the solar array to convert sunlight reflected from the
Earth [28l.

The albedo of the Earth is 0.36 (+.06, depending on cloud cover). Even
when full, the Earth is I0,000 times less bright than the sun. At half

phase, which is the worst case for a base located at the center of the near
side of the moon, the Earth is 20,000 times less bright than the sun.
Therefore, to produce full power at sunset and sunrise, a solar array would
have to be 20,000 times larger than the one required for daytime power.

If 30% power is acceptable as the nighttime average, the array need be

only 4,000 times larger _ _e daytime ..an_ay.
This could conceivably De aone using mirror concentrators. A

minimum mirror need be no more than a flat sheet of very thin reflective

plastic. One micron thick aluminized Kapton has a mass of 1.4 gr/m 2, 600
times lighter per unit area than the 300 W/kg solar array assumed. Thus, a
minimum mass 4000x concentrator could weigh as little as about 7 times
the mass of the solar array itself. This is still a considerable problem: the

system would require 4,000 sheets of Kapton, each one carefully aligned,
for each panel of the array. The mass does not include the additional area

required for cosine theta loss and reflectance losses, and additional mass
for the structure to support it. Also, the array will likely also require
tracking: the Earth doesn't move much, but it does move some. In short.
this solution is unlikely to be practical.

Lunar Po/ar Base

It is possible that locating a lunar facility at one of the poles of the
moon could aUeviate the problem of the lunar night, since the axis tilt of

the moon is so low that placing the arrays on a relatively short tower (or

conveniently placed mountain) could allow them to be constantly
illuminated [29,30]. This is shown in schematic in figure 2.

A problem with the polar location for a lunar base is that, like the
Earth, the polar regions of the moon are subject to six months of darkness

during the hemisphere's "winter'. This could make exploration and work
outside very difficult. Even during the "summer," the sun angle remains
very low (within 1.5 ° of the horizon). This means that inky black shadows
will cover almost all of the surface, making exploration (and even walking

aroundl) very tricky.

Sun-following Moonbase
In the sun-followlng moonbase concept, the lunar base constantly

moves around the moon to stay continually in sun [311. The rotational
velocity at the lunar equator is 16.6 km/hr (10 MPH). If the moonbase is
sited 60 ° N, where the local sun angle is a comfortable 30 ° off horizon, the

required average velocity is only 8.3 km/hr (5 MPH); and even less if the

path chosen is across the pole. Actual moonbase speed will be 10 MPH
during 12-hr "drive" shift: and 0 MPH during 12-hr "work" shift. Figure 3
shows a version of such a mobile moonbase using design concepts familiar

from other space habitat structures.
Conceptually this is an extreme solution to a simple problem, but as

well as providing continual solar power, it does have other advantages" it
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eliminates the 354-hr dark period when outside exploration is difficult or

impossible, thus effectively doubling the working hours of the staff; and the
base is not *stuck" in one spot, but continually samples new territory.

The path should be maintained near the sunrise terminator, to give as
close to 14 day of *slack" .as possible for repairs. Since the moonbase
would consist of many indepenaenuy mobile modules, no single failure
would be critical. Any one unit could be evacuated if necessary and

repaired on the next cycle._.._..1. _ _,_ to have two separate-lunar bases .on
An alternative version wu_-_ u,.

opposite sides of the moon, with the crew transferred from one to me
other on a two-week cycle. This has the disadvantage that the entire

moonbase must be doubled.

6. Conclus/ons

A constant supply of electrical power is important to human occupancy

on the moon, and one such supply is solar energy. The major difficulty in a
solar-powered moonbase consists in providing steady power over the long

At the moment, the promising solution for a
and dark lunar night. • - _,-- --_, of regenerative fuel-cens with
near-term moonbase appears to De u_e u.._ -- --_. , .. _,_ ._I....,,4 h,,t iS
cryogenic storage, a technology which is not yet luuy oew,vv_, ,,,--
unlikely to have any fundamental technical difficulties in development.
Nevertheless, a wide variety of other concepts for solar night power have

been proposed, which are summarized in table I. Not all have been
examined in depth. All have some apparent drawbacks; many will only be

useful for a large, "evolved" moonbase.
There is certainly room yet for clever new ideas.
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Table 1
Approaches to solar power for the lunar night

Storage Options

Batteries 32 150
Fuel Cells 50 1500
Capacitors 10 20
Inductors 0.5 I00

Compressed Gas
Thermal storage
Lunar thermal storage

Flywheel Storage 20
Gravity Storage

[b-npracticoJJ
250*

10000t
35
<1

"heat
t heaL Will depend on InsulatWn requirement

Continuous Power Concepts

Transmitted Power
Microwave beam
Laser beam
Transmission lines
Ground-based laser

Primary station in _ or at L-I

Primary station in I.LO or at L-1
Prlnmry station on Lunar farslde
Primary station on Earth

Innovative Concepts
Soletta Orbital mb'rors: pract_al only for large systems

Earthlight Conversion Requ/res very/arge co//ectors
Lunar Polar Base Low sun ang/e at base
Sun-Following Moonbase Not atflxed/ocatWn
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Figure 1: the "Soletta" solution:
Four mirrors in high-inclination, low altitude orbit

provide 10% of one sun illumination to solar arrays
orbital altitude = 500 krn periapsls..1050 krn apoapsis

8.7 km diameter mirrors at 6 grams/sq, m
240 tons each: 1000 tons total
minimum spot size 34 km
illuminated area 1000 square kilometers

Figure 2. Lunar Polar Base (Schematic}

by placing the solar array atop a high enough mountaintop close to
the lunar pole, it will always be tn sunlight!
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Figure 3: Sun-following moonbase
moonbase moves continuously around the moon
to stay in sunlight
moonbase speed:
I0 MPH during 12-hr "drive" shift
0 MPH during 12-hr "work" shl/t
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Satellite Eclipse Power by Laser Illumination
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ABSTRACT

A method is proposed to eliminate the energy storage system required to power
satellite in geosynchronous orbit during eclipse. An array of high-power CW lasers is
situated at one or more ground locations in line of sight of the satellite, preferably o]
mountaintops. The lairs are provided with a tracking system,Jnd lenses or mirrors o.
sufficient size to reduce the beam spread due to diffraction. As the satellite enter-
eclipse, the laser arrays illuminate the solar arrays on the satellite to a level sufficient t,

provide operating power.

...._ INTRODUCTION

___
Geosynchronous-Earth orbit (GEO) sateUites are a valuable portion of commerci:

space activities. All satellites now operating in GEO are powered by solar arrays. Fo,
operation during eclipse periods, when the Earth shadows the satellite from the sun,
battery back-up system charged by the solar array provides power.

The geosynchronous orbit is in eclipse for only a short period of time around the
equinoxes, typically about 90 days total per year. Eclipse duration is maximum at tt
equinox, when it reaches just under 70 minutes, or about 5 percent of the orbit.

On a typical communications satellite, about 1/5 of the total satellite mass is the pow,
system [1]. For a 5kW power system, the power system total mass is roughly 900 k
[2]. The energy storage system, for current nickel-hydrogen batteries used in GEO
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comprises 42% of the power system weight. An additional 37% of the power system
mass is electrical power conditioning, a significant portion of which is needed for

battery charge regulation. Only 21% of the power system mass is actually the solar

array, and about 10% of the array area is dedicated to recharging the batteries. It is
remarkable that over half of the mass of the power system has no other function than to

Eliminating the
provide power for less than one percent of the operating time.
requireme!lli_r an energy storage system could reduce satellite mass by 10%.

In this paper a method of eliminating the storage system is discussed, where the
satellite is illuminated during eclipse by a ground-based laser.

Th-- ........,,ooa c,,c),,-n is simnle An array of high power continuous-wave (CW) lase_
Fsvlaxa_,_ oj ...... r " • "" .... " or

is situated at one or more ground loeauons, m line of sight of the satellite, preferably
.... ..,,;,,,^,,c Tho lasers are t_rovided with a tracking system, and lenses (or mirrorsl

o'_su"_lci"_'en_size t'-o reduce thebeam spread due tO diffraction. As the satellite enter.

eclipse, the laser arrays illuminate the solar panels on the satellite to a level sufficient tc

provide operating power.
No added elements are needed for the sateUite. The solar array needed to receive th,

beamed power is already in place on the satellite. Laser power is required only fo

periods of less than 70 minutes per day for 90 days out of the year. This allows ampl
time for laser refurbishment and preventative maintenance. The fact that the laser is o:
the Earth allows considerable design simplification; unlike in-space systems, where an
failure is fatal, terrestrial systems'can be easily repaired, so highly redundant system

are not required. Since one of the failure modes of a satellite is battery failure, b
eliminating the battery the mean time to failure, and hence the expected life, of th

satellite can be increased.

Each ground laser station can successively illuminate several satellites at differex

longitudes (see figure 1). As one satellite exits the eclipse region, the laser is retargette
to another satellite entering the eclipse. If the laser could scan angles down to th

horizon, ten satellites could be successively illumina_d. Even if a g.round-based lase
can scan only an angle of +45* from the zenith, a single laser stataon could provld

power for five satellites at different longitudes. .
Solar cells in GEO are subject to degradation m power due to tra .plOd radiation az

solar flares. Solar arrays are typically oversnzed m order to prowae power undo

worst-ease end of life conditions. Once set uv to vrovide eclipse power, the laser pow_

system described could also be used to provide supplementary power if needed 1

compensate for radiation damage to the arrays.
With some exceptions [3-6] most discussions of power transmission in space focus c

microwave transmission. Laser t/ansmission was chosen over microwave for sever:

reasons. First, optical wavelengths are considerably shorter than microwa_

wavelengths, which reduces diffraction and so allows a much narrower bear_

Consequently, the receiver and the transmitter (i.e., the photovoltaic cells and the lase
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can be considerablysmallerforlasertransmission.Secondly,ifthe laserwavelength i_

selectedproperly,the receivercan be the same solar array used to provide normz

power. An additionalmicrowave rectennaisnot requiredon thesatellite.

IJHOTOVOLTAIC I_ECEIVER

The best photovoltaic ceils can be expected to convert about 50%.. of monochromati,.
incident light at the opumum wavelength into electricity. The efficiency drops to zer-
for wavelengths much longer than the optimum. For wavelengths shorter than

•optimum, the conversion efficiency for monochromatic light Tluner is approximately:

rlteer= rl(optimm)( _'laser/ _.ctm_) (I

_'cuto_ is theoretically determined by the bandgap of the solar cell material:

_.cumCr-1240/Es (2

for _'cutca in nanometers (nm), where E s is the bandgap of the semiconductor materia

in electron volts. In the real world, solar cells do not .perform optimally for photo

energy out to the bandgap, since light near the bandgap is only weakly absorbed. Fo
example, single crystal silicon has a bandgap wavelength of about 1100 run; however, tl
s_p_,. ^, ,_... 0..,.,.,,_1 ,,o_-onse is typically near 950 nm for the solar cells used on exi.sf__,

_cec_a_. _ °_e_'_;ciency dropsrap_dly towed zero at longer waveleng_Sof _r_ o'
ran, a wavelength of interest for lasers, the efficiency is aown oy a mc
more from the peak. Figure 2 shows a measured spectral response of a convention-
silicon solar cell of the type similar to those used for spacecraft applications [7]. TI-

response is quite linear out to about 950 rim, but drops off rapidly above this valu
However, it is possible to design solar cefi.s to increase the long-wavelengt

performance, using techniqu, es such as light-trapping t_J.

For cells near the opt.maum bandgap for solar, conversion: such as GaAs, t
monochromatic lighteffictenc.y//(optimum)Can.ber?ugm.y,es"tima das"double rYunder 24
conversion efficiencyfor sunllght.The best.t.ia.assorer"ceu.sare.sng_uy efficient.
efficientfor the solarspectrum, and thus can be expectea to t_eaoout _vvo

the optimum wavelength..
The minimum spot radms of a transmitted laser beam is set by the diffraction limit,

rspot = 0.61 d X/rlens (3

where rlens is the radius of the lens or reflector used to focus the beam, d the sou_

to receiver distance, and _. the wavelength. The spot radius is here defined as the fir
zero in the diffraction pattern; this contains 84% of the beam energy. As discus'.

below, the diffractive limit can only be achieved if adaptive optics are used to elimin_
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atmospheric beam spread.
If the spot size is smaller than the receiving array, the laser wavelength is preferably

the chosen at the optimum value for the solar cell performance. However, if the
diffraction-limited spot size is larger than the receiving array, it is desirable to decrease
the wavelength to put more of the power on the array, even at the price of decreasing
the efficiency. Since efficiency only decreases proportionately to _., while the
illuminated area is proportional to the spot radius squared (if atmospheric beam spread
is eliminated), it is desirable to use the shortest practical wavelength. The opacity of the
atmosphere to short-wavelength ultraviolet places a lower limit to the wavelength at
about 350 run.

i

A key element in achieving small spot sizes is the use of a large optical aperture on the
ground system. For optimal systems, the lens size should be in the scale of meters.
While it may be argued that meter-scale optics are expensive (for example, the Hubble
Space Telescope is a 2.4 meter diameter mirror), it must be kept in mind that the optics
do not have to be of telescope quality, and need only operate at a single wavelength. The
optics may be fresnel lenses or holographic optical dements, which may be very cheaply
manufactured. Other programs, such as the U.S. SDIO research effort, have concluded

that manufac_g 4-8 meter nfirror elements wiU not be a major difficulty.
In the real ,g,brld, pointing accuracy and atmospheric turbulence degrade the effective.

spot size. Achievable pointing accuracy is high enough that this is not a limiting factor.
Atmospheric turbulence limits the resolution limit of astronomical telescopes to slightly
less than 1 second of arc, or about 4 microradians, increasing slightly at shorter

wavelengths. At the distance of GEO, 3.5" 107 m, this contributes about 135 m to the

spot diameter.
The effect of turbulence is greatly reduced by _perating the laser from the highest

possible altitude, such as a mountain peak, to decrease the optical path through the
atmosphere. An alternate possibility is to ope_atgthe lasers from airborne locations
such as high-altitude aircraft or balloons. Since the lasers need only be operated for
periods of roughly an hour, this may be feasible, although the laser power source and
the increased difficulty of pointing stability could provide significant constraints.

Better performance can be achieved by using techniques which compensate for
atmospheric distortion [9]. One such. technique is the flex_le mirror telescope, where
the mirror pointing and shape is continuously adjusted to compensate for distortions in
the shape of the wavefront due to turbulence. The 1.2 m telescopes at the U.S. Air
Force Maui Optical Station, located on Mt. Haleakala at 3 lan altitude, resolve objects in
orbit to a resolution of 0.4 microradians [10]. This resolution would contribute about

°
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13 m to the spot diameter in GEO. An alternate technique is to use an active phased-
array, or phase conjugate mirror. In this case a pilot beam would be beamed downward
from the spacecraft to the phase conjugation system, which would synthesize a beam
precisely opposite in phase and direction to the pilot beam. This would then be
retrodirected to the satellite with the atmospheric distortion corrected.

Weather effects place another constraint on the operation of the system. Optimally,
the laser ground stations should be placed on the peaks of mountains which are above
most clouds. To minimize the effect of unfa_;orable conditions at any one location, the
lasers could be placed at widely separated locations. Use of seven isolated locations will
result in over 99.9% beam availability [9].

Lasers to be considered must operate in the wavelength range centered around the.
visible spectrum in which the atmosphere is nearly transparent. The minimurr
wavelength is about 350 nm, limited by atmospheric absorption by ozone [9]. The
maximum wavelength to be considered is 1100 nm, unless new photovoltaic receivers
responsive to long wavelength light are to be developed.

The highest power lasers currently available use carbon dioxide (CO 2) as the lasing
medium. While CW power levels of over a megawatt have been demonstrated, th(

wavelength of 10600 nm is far too long to be considered. If future satellites use
thermal, rather than photovoltaic, energy conversion system, however, use of CO 2 lasers

may be an option.
OL_currently developed laser technologies, the best high-power CW lasers arc

Neodymium doped Yttrium-Aluminum Garnet (Nd:YAG). The wavelength of 106,"
nanometers is theoretically near the optimum energy for conversion by a silicon sola
cell, however, in practice, solar cells are optimized for shorter wavelengths and do not
have very high efficiency at 1064 nm. Further, the long wavelength response degrade
rapidly in a radiation environment, and thus Nd:YAG illumination would result i_
decreasing power at the satellite end of life. Frequency doubling the Nd:YAG to 530 nrr'
results in a considerably better wavelength, however, frequency doubling will reduc,
both the laser efficiency and the laser power by roughly a factor of two.

The best currently available Nd:YAG lasers have averaged CW power of I kW [11].

Argon ion lasers, with primary emission lines at 514 and 488 rim, are also at a goo,
wavelength, but have extremely low electrical to light conversion efficiencies.

An alternative currently being developed is the solid state diode laser. The highe.'
power GaAs diode lasers operate at about 795-820 ran, which is nearly optimal fo_
existing silicon solar cells. Shorter wavelength GaAIAs lasers can be manufacrurec
which would be preferred for GaAs solar cells. An array consisting of a very larg
number of individual lasers could yield the required power. Monolithic arrays of diod_
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lasers have recently demonstrated power densities as high as 80 W/cm 2 and CW power
levels of one kW [12]. The problem of beam-combination from a large number of

individual diode beams is a technological problem which still must be solved. The
current cost of commerical high-power diode laser arrays [13] is about $400 per output

watt, however, it is expected that the price will decrease as the production increases.
Costs as low as $1/watt have been suggested as achievable with future diode laser arrays,

assuming high volume production.
Excimer lasers are available with very short wavelengths. 750 W Xenon Chloride

(XeCl) excimer lasers have been manufactured by _bda. Physik [14], with a laser
Another alternauve, XoF, lases at 351 nm.wavelength in the UV at about 308 nm.

Other excimer laser gasses are typically below the wavelength range of atmospheric

transparency, although it is important to note that I MW KrF laser design is discussed

by De Young eral. [4] and others [15] operating at 248 nm.
For a more advanced system, the free-electron laser (FEL) is a very attractive choice.

A g'_T. h,¢ rmtenfiallv very high efficiency as well as high power [16] and is, in

principle, tunable over a wlde range of waveleng.ths, down to as tow as <_zvv nm. rTe e
electron lasers have been proposed in the mulu-megawatt power range, xor examp ,

Boeing Corporation has contracted to design a multimegawatt FEL to be built at White
Sands for defense research. Exlsting FELs built for defense research are commonly
quoted as oneratin2 in the "multi-kilowatt" power range. A FEL" operating at

e-lengths as low _. 600 nm has recentl.y been demonstrated [I']]. A._sadvan_gets "
that the systems are likely to be heavy, and are not yet aemonstrate(l at me wavclcagu,-
of interest.

FinaUy, the energy efficiency of the laser is an issue, _Nkough not the major criterion
for selection. While many lasers have low conversion efficiency, power is extremely

cheap on Earth compared to the cost of power in space. High efficiency is the primary

fea..re:re of semiconductor diode lasers. Exi.stmg high-power lasers have relatively low
efficiency, since the conversion from electrical power to laser power_typ.icall.y requ_es

an intermedi.a_ step, e.g., a. fl .as.hlamp. The best flashlamp-pumpedN.d:Y.A.Li, lasers t' ,;I
have an efficsency (electrical input to laser output) of about 6'_._ vsoae-pumpeo

Nd:YAG lasers have roughly double this eff.lci.ency. "I:ne power cffic encyof excreter -
is icall about 10%, e g., for emstmg Igr-l. ex.cLmer laser. Lasers oc

IdaeSveer_oned_ve &iderably higher efficiency. Available high power diD.de laser .anays

[13] _ve a total energy efficiency of 40%; a 70% efficlency has been ot)tamea m me
]laboro,^,.,, rA _;I Rfficiencies as high as 84% are possible. Free electron lasers also

v qu_ l_ilil_effic]e"nc ies, with effic1"ency is expected to be as. high _.65 .% [15]: ,
Alternative discussions of lasers for space power transmission appllcatlons, locussec

on space-based systems using advanced technology lasers and PV receives, can be found
in studies by NASA Langley Research Center, cited in references [4] to [6].
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BA SELINE

Consider a baseline system with a wavelength _. near one micron, or 10(30 nm (1" 10
m). This is the wavelength range for a Nd:YAG laser, and close to that of a GaAs lase,
diode array. It is slightly longer than the optimum conversion wavelength for a Si sola

cell. The distance d(surface-GEO) is 3.5"107 m, and the lens diameter is 2 meters. F0_

diffraction limited beam spread, the diffraction-limited spot radi_ at GEO is 23 mete_
This is sufficiently small that the beam spread at the array is almost entirely due t

atmospheric turbulence. The turbulance-limited spot size is about 15,000 m 2.

For 10 kw of baseline power with a solar array efficiency of 18.5%, the array area

40 m 2, and so the array intercepts only about 0.25% of the beamed power. Th_

required beam power would be 8.5 MW.

It is reasonable to expect that use of adaptive optics could reduce the atmosphe_
beam spread by a factor of ten. The spot size is now limited by diffraction. If the lase'
wavelength is then reduced by a factor of two to -500 nm, the total spot radius at GEc
is 13 m. The illuminated area is 560 m 2, and the array now intercepts 7% of t_

incident power. The net result is that the laser power needed is -500 kW.

The required 500 kW could be provided, for example, by twenty-five 20-kw las
units, to allow any single unit to be taken off line without system failure. Such powe
levels are high compared to those achieved by current technology CW visible lig
lasers, but in the range likely to be reasonably achievable for future high-power laser_

It is many orders of magnitude higher power than currently achieved by diode laser"
Problems of tglJng and reliability remain to be addressed.

CONCLUSIONS

Rlumination of a satellite in geosynchronous Earth orbit at levels sufficient to proviq

full spacecraft power should be feasible with arrays of lasers using technology likely.
be available in the near-term. The primary limitation at the moment is beam spread d_'

to atmospheric distorions; this could be reduced by the use of adaptive optics
compensate for atmospheric turbulance.
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Figures

Figure 1. A single ground station can illuminate several satellites in GEO in

sucession as each o_nters the Earth's shadow.
Figure 2. Measui_d output of a standard silicon solar eel1 as a function of incident

wavelength. The dashed line indicates the ideal (unity quantum efficiency) spectral

response. _.

Figure 1. A single ground station can illuminate
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Power beaming is the approach to space power generation and distribution (SPGD) that separates the power
source from end-use application and links them either by laser or RF energy beams. There are three basic

approaches Io power beaming: SPACE TO SPACE; SPACE TO SURFACE; and SURFACE TO SPACE.
\Vhde all these are applicable to Earth systems, only the tint two approaches are viable for SE! applications.

DESCRIPTION "::
A power beaming system consists of four major subsystems: a prime power source, an energy beam

generator, a transmission aperture, and an energy beam receiver / converter. A laser based system uses AIGaAs
Laser diodes operating at 50qb efficiency to generate an infrared laser beam at .83 microns. Fog a transmission
range of 37.000 km 7.5 meter optics are needed to form the final output beam. The laser receiver consists of
GaAs based photovoltaic cells tuned to thE_.x frequency. Analytical models have dlJown monochromatic that
ceils with efficiencies in excess of 70_ m._.possible. The goal is to develope a receiver array with 55% or more

conversion efficiency. This would produce a system with an overall transmission elT_ciency of 20%. An RF
transmission system consists of a microwave or millimeter wave generator operati_F'at 90% efficiency. The

oulput is fed to a large aperture (for a range of 37,000 kn the aperture is on the order of 300 m @ 245 GHz and
._(X)Om @ 2..15 GHZ) output antenna. The receiver is a dipole antenna and rectifier commonly referred to as a
RECTENNA. At 2.45 GHz recrenn_ have demonstrated conversion efficiencies of 87%. The prime power
_ource can be either nuclear or solar generating the necessary electric power to drive the laser or RF generator.

RECrENNAS have yet to be demonstrated at frequencies above I00 GHz and there is concern that conversion
cft bc,ency may decrease as frequency increases. "ll_e size of beam power transmit and receive apertures, either
opuc or RF antenna, is a direct function of the operating frequency and the transmission range. For long range
transmission. RF systems will always have larger apertures than laser systems. The sizes presented here are for
,he same ran_,e and the transmitter and receiver apertures based on the aperture diameter product are selected so
as to provide'apertures of equal size. Those prese,lted in the vu-graph are selected to provide a 2-1 ratio hetweet

transmitter and receive aperature.
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BENEFITS t SPIN-OFFS

The biggestbenefitof power beaming toSEt isthe commonality of systems and hardware thatwould exist

between surfacepower and space transportation.Because ofthiscommonality fewersystems must be developed
_nd deployed, therefore. SEt _m development and deployment costs are significantly reduced. Launch costs
are also reduced because less mass is needed in LEO for each mission. Power beaming would also increase the
amount of power that would be available on the surface. This would significantly enhance SEI mission objectives
_vhile expanding mission options and l_matives. For example, as currently envisioned the lunar mission
requires nuclear power on the surface _111 energy necessary to support lunar has= development. There
is no reasonable backup to nuclear on I[lllllilk___. Power bmuni_ using a nuclear power source in space could

meet the same mission requirements and _ _ckup to the mlr.lear power source in Spmll/_. solar pow_ source
in space.

The development d powtn" beamin I would also provide significant benefit terresuially. "I_ developolc,t of
GaAs based laser ma_ive_ would lead directlyto theestablisJsmem of a GaAs based integrated circuit inOus_.
SinceGaAs IC chipsol_ra_e20_ fasterand at highertemperaturesthansiliconIC chits,any product usingIC
chips(computers.communications equipment,etc.)would be improved. The econ_temial istremendous.
Power beaming can llso be developed and deployed in earth orbit independent of SF...L This would increase the
power available to satellites and systems opemdng near-Earth by almost an order of magnitude thus enhancing
near-Earth mission capabilities. Deployment of near-Earth power beaming would provide early return on our
investment in space technology. Using the power sources developed for near-Eatlh beam power satellites. SEi
need only develop high power electric thrusters to have NEP Systems available, thus. reducing the cost burden of
SEI. Adding the near-Earth beam power transmitter to these NEP systems, the lunar and mars surface power
requirements can he met with out the development of ma)or new systems again reducing the cost burden of SEI.
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TECHNOLOGY STATUS

Thc laser technology is based on SDi DEW technology developed by the PILOT program directed by the Air
Force. At present AIGaAs semiconductor lasers are 34% efficient converting electricity to laser light. To
support power beaming needs, the._ systen_ must reach at lea_,t 50% efficiency. Current power levels are on the
order of a hundred watts and should reach d'_ousandsof watts by 2000. Power beaming will need systems with

outputs in the hund_ds of thousands of watL$ range. Pointing, tracking, target acquisition, command and control
systems and technologies needed to support power beaming, lair or RF, are currently being funded through
SDIO. However, budget cutback._ may result in the termination of many of these technology programs.

Receiver / conve_ for laser systems build on GaAs solar cell technology. By tuning these cells to the laser
transmission frequency high conversion etTIciencies are possible. Monochromatic GaAs cells have demonstrated
cell efficiencies as high as 41%. By dopi,lg the cells with a small amount of AI. graded AlOaAs monochromatic
cells have the potential of achieving greater than 70% conversion efficiency. The goal is to develop cells that
will yield an array efficiency of 60%.

.,,r-"
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(_H_XRACTERISTICS IGOALS

For a laser beam power transmission system to be effect=re, an overall transmission efficiency of 20% or
greater is needed. With this efficiency the remote power generator (nuclear or solar) must produce 5 waits for
every watt delivered to the user. A labor-atory beam power test bed using off the shelf state-of-the-art AIGaAs
semiconductor laser diodes and silicon solar cells (wash 13% monochromatic conversion efficiency) has achieved
3.5% overall transmission efficiency. A large scale RF syslem, lested at Goldstone as part of the DOE Solar
Power Satellite program, demonslraled a transmission efficiency at 2.45 GHz in excess of 60% using a 75 kW
transmitter.

Power beaming systems have some unique system characteristics. Tbe specific power for surface power
applications is significantly lest than in-place power systems because only the receiver and power coadiikming is
on the surface. The transmiuer is in space and the power source, if NEP was the tmmponalioa syatm used to
deliver the system, has already been accounted for. Laser systems by virtue of their drafter were _ than RF
systems will always have smaller apertures than RF for the same transmission range. Laser syMem look most
promising for long range transmission and RF systems appear best suited for local distributioa over a few
thousands of kilometers, The cost of a watt of beamed power is about half that of • watt of inplace power
because the prime power source ¢a=rbee considered free. Power beaming combined with NF,JPcan meet the
fiffesrated mission requirement= for.both planet surf_e..power and Ipace _ In doing so fewer

systems require development. ..+_ . -. ,_ +_: ""

,- . _.... . +

• i_t_
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LA,_ER WAVELENGTH

PHOTON WAVELENGTH = 806 nm

PHOTON ENERGY = 1.54 eV

GaAs BAND GAP = 1.42 eV

MAXIMUM CURRENT

j = q • [ PHOTON FLUX ]
max

INCIDENT POWER = 65
=

PHOTON ENERGY (eV)
mW

FOR [INCIDENT POWER] = 100 cm

mA

cm

J
$¢

J

P
max

EFFICIENCY =

CURRENT-VOLTAGE CHARACTERISTICS

= OEX T x Jmax

= J,,¢ " Jo [ exp[V/kT) 1 ]

= Js¢ = Voc • FF

100 • MAX POWER

INCIDENT POWER

1.54 eV

I 1.42 eV

Jsc x Vo¢

/

VOLTS

CALCULATED MONOCHROMATIC GaAs CELL

EFFICIENCY FOR LASER AT 806 nm & 100 mW/cm 2

OEXT JSC VOC FILL EFFICIENCY

( % ) ( mA/cm ; ) (VOLTS) FACTOR ( % )

1 O0 64.9 1.07 .891 62.0

96.5 ( 1 ) 62.7 1.07 .891 59.8

95.0 ( 2 ) 61.7 1.07 .891 58.8

(1) Assumed Reflection From Cell Surface Is 2% and Obscuration

Due To Collector Grid Is 1.5 %.

(2) Assumed Reflection From Cell Surface Is 2 % and Obscuration

Due To Collector Grid Is 3 %.

(3) Jo = 6.0 x 10"20A/cm2 This Value Is An Experimentally

Determined Value Based On Spire's Results For GaAs Cells.

(4) Maximum Power And Efficiency Calculated Using J-V Characteristics

And With PC-tD Computer Code .

L-2I



EFFICIENCY VERSUS INTENSITY

FOR A GaAs CELL & 806 nm LIGHT

65

64

63

A

#

O
Z
uJ

i

t_
t_
W

62

61

6O

59

58

57

56

Active Area Efficiency
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WSU TRI-CITIES

RESEARCH

PHOTOVOLTAICS

LABORATORY

PERSONNEL

• Dr. Larry C. Olsen (Principal Investigator)

• Dr. F. William Addis ( Cell Fab and Analyses )

• Mr. Glen Dunham ( MOCVD Growth )

• 3 - 6 Graduate Students (Ph.D & M.S.)

PV EXPERIENCE

• Involved In Photovoltaic Research Since 1974.

• Programs Have Involved Studies of Silicon, Copper-
Indium-Diselenide, and III-V Compounds.

• Fabricated GaAs Cells with AM0 Efficiency > 19%.

• Fabricated Monochromatic GaAs Cells with an Efficiency of

54% at 806 nm and100 mW/cm 2.
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WSU PV RESEARCH LABORATORY (CONT.)

FACILITIES

• PV Research Facilities Include Four Laboratories Covering
2000 ft_. _"

SOLAR CELL FABRICATION

• SPIRE 500 XT MOCVD System for Growth of GaAs,

A1GaAs, InGaAs, IL_ , and ZnSe Films and Devices.

• 5 Vacuum Deposition Systems and PECVD for Metal and

Anti-Retl_ctio_ Coatings.

• Vertical LaZar Flow Wet Bench for Processing.

• Tube Furnaces with Gas Delivery System For

• Photolithography Laboratory"

=.

DEVICE CHARACTERIZATION

• Solar Simulator with Data Acquisition.

• Photoresponse and T-I-V Measurement Stations.

• BIO-RAD Polaron Electrochemical C-V Profile Plotter for

Dopant Concentration Profiling.

• SEM and Other Capabilities for Characterizing Films and
Device Structures.

SOLAR CELL MODELING AND DATA ANALYSES

Utilize PC-1D Computer Code for Cell Modeling.

Numerous Codes for Analyzing Optical Properties of

Multilayered Structures.
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Power Beaming

Lunar Surface Power Requirements and the
SPS Laser Analysis

Brent Sherwood
Brad Cothran

Cleveland, Ohio
February 5, 1991

m,O,LcTAI/_e

S TC gD4tccJ4 Fttfl I Mug I 0

Summary of Boeing Work Related to
Power Beaming

_P'O_ar/teO

• Past involvement with the SPS program provided experience and

insight into power beaming architectures and system integration (1980).

• Other NASA funded studies analyzed surface systems an¢! their

associated power requirements (1988).

• Key participation in NASA Lunar Energy Enterprise Study (1989).

• Current 4 year contract to demonstrate space based laser technology

(originally the ground based FEL).

• Current NASA/MSFC study contract includes power beaming task to

analyze electric orbit transfer systems.

ST_ ,,_.E,I_J'LwT.J4F¢ i_'Q| ktt _ | 0
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Laser SPS Analysis
AVOEJNO

Major concern of lasers during the SPS analysis was the conversion
emciency of electric to laser was low.

For ground based power beaming sources, electric to laser efficiency
is not a big issue.

• Lasers offered two potential benefits:
. Transfer smaller blocks of power; broaden market
. Less environmental ¢oncert_

• Lasers were less efficient than microwaves. Proposed substantially

improving at least one end of the link.

• Laser technology has advanced since the SIS analysis. Much work is
classified.

5-r_ A_,4,qm._F_9 t/d_t I0

Study Objectives

SPS Laser Amdy_

AFOEINO

1. Evaluate and select laser technologies baying promise for the SIS power

transmission application.

2. Develop candidate SIS system concepts using laser power transmission.

3. Select • "reference" system and provide a comprehensive evaluation.

4. Determine critical issues associated with laser SIS systems and develop

a five year ground-based exploratory development plan for key elements
of the laser $PS system.

s-g_ _Fe_lM_t tO
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Conclusions

SPS Laser Analysis

• The most promising laser for the SPS application is the FEL.

• The FEL is inherently lighter, scales nicely to commercial utility power
levels, and exhibits a distinct advantage in having a tunable wavelength
to enhance atmospheric transmission.

• The IOPL was recognized as the second choice.

• Almost all aspects of laser SPS's require technology development.

• Although much analysis was based on future technology, no "can't

possibly do's" were identified.

STC AF_.M/I_4F_91 _h _t I0

Laser SPS Option Masses
B'OEJAeO

L

Microwave
FEL IOPL CO2 EDL CO EDL

[_ 22_ Growth

Radiator

[] EM Transmitter

[] Power Collection

b

!
_M

ST_ _.._ F¢I_ I _bs_ l O

M-3



Recommendations

_'O/7,dF_'

SPS LaserAnalysis

In order for establish technical feasibility of the laser alternative to SPS,
recommendations in the following areas for a ground based exploratory

development program were made:

- Electron Discl_e Lasers ....

- Indirect Optically Pumped Lasers

. Free Electron Laser

-Optical beam control for all lasers

- Laser power receivers

ST_f.ubgl_k I 0
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Robotic Lunar Surface Operations

Engineering Analysis for the Design, Emplacement, Checkout

and Performance of Robotic Lunar Surface Systems

Study performed for

NASA Ames Research Center

under Contract NAS 2- 12108

|

is,,2

Boeing Aerospace & Electronics

Huntsville AL

2 January 1990

D 615.11 901

t_

gu
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Lunar Base Site Plan
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Production Throughput per Lunar Cycle

_BOEING

Assume: 13 28d diurital cycles per year available

12 cycles working time, 1 cycle down
100 t LLOX total production (875 m s) per year

3 oxygen reactors, each produces 33 t/yr
1.7 t/m _ piled bulk density

M2/37/O2/GJ

Freestanding 20kWe Solar Array

G_u. oa. Ge n|KI cells

20 kW¢ mud EOL. @ 150"C

-- 20kWc total EOL output @ 150"C

- SoLlr tracking, axis oncnZcd north- zomh

-- Transported folded, wizh active su_ace pro_'ted

-- Deployed by sceddlex rmmipalzzocz while I_ml_ I

-- No u_mbly requin_l, only con_czioas m bus .

-- 1.25 mt tozal mau

[***. " ¢O¢flpO,*B
wMlr_ ,;line

bec_Ip _'vcmm

i, Ht$1 IHflHtlHtH ItI+IHHtlHtt$1tltl

, -t+- T_aqw
/

txaclct

Tdc¢ol_i
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Regenerable Fuel Cell Module

_, t'S PJyk_'a| Bay - SIZe P_llCt

SunSh._d_

[_¢ploy =blc R_d_alor

H2 I._nks
O2 _ks
Rc_um_
WaIC__flkl
Pump packs

Elccu'olyzcrs

Fu_:l C¢11$

Plumbing

Conuol Elocuoeic_
Power Procetlin8
C.)blinl
TCS
P_[Icl

£F4T, f/,4e£F

//

/

I_OOi_ GH2 Trek (2)

/

?
3.5
4.2
O.5
0.3
0.3
0.3
0,3
0.1
03
0.I
I
4
3.S

25.4 mt

40 kWe input to el¢ctmlyzers 20 kWe output from fuel cells

TABI msulauon (7 cm)

R_k and

p,mon drive

lluppcf cat1 r_ds

Lunar Ilmenite Oxygen Reactor
_J'OJ'P_VO

Cm pump

: . .;: :- . .:.:

Nmu_,lly _IM_:M_

mloi*m

-- Fluid - bed bllch rt_cmr, process it I0 Imlm, 900" C

53.2 n_, 55 % enriched iln_nile n=lolith charge (< 2 nun)

.. 133 kWe heal - up power

-- |50hr heat-up, 150he pr0c=_ run
-- G_s composmon nominally 90 % hyd_rogcn. I0 % slcam
.- 30 ml ,o_al mass, landed inlmc!
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LLOX Storage/Liquefaction Depot
_'aT, E'JAea_

2 AI LLOX / L_u_I flu ,b 5 IPml_l I i I$ m
n_ulmr mo_ulu S _si_Je

MLI. p_u_hed AI delx'_/tun $hekl

Planl machincr}, emplaced inlet

Fluid conn¢cllons QD, above [round
Embedded controller & scnlorl

3 mt planl nn_ss
15 m! fluid lines mass

Gmv©l dulL. cCmUOIlaycf

Lunar Surface Robotic Tasks/Functions Matrix

BOEING

Tasks

Functions

Self- Unload

Heavylow- liflI

Lii[ht materials placement

Heavy_ materials _lacenumt

Manipulation / tool use

Excavation/grading
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Straddler

_'O, drJ,,4e&_

BaIiel'y I proceuin I

-- Modullt, auembkd in octoit, landed intact

-- 12S nl totIl mass, 30rm maximum capacity

.- 35 kN toqal d_wblr pull

- IOcmls cr_pingspeed , 30¢mls cruise speed

M-IO



Miner/Separator Plant

Cum_I mell_

'D-

Sa_ldlet

outllne

/f

L 11

i

/ Mmmlifli sm_

Tnlvli /
dii_ u_l I i'

t/' J'-"-"

Rock iil

_m
| .... i

-- Gr'lls, levels, ¢xlxiicl fill uridislurSed lublTll

-- Mines unpl_pll_d lubiOlle. I)cneficillfi dunni fflnsporl

-- Rciecis rocks • IOcm, rCulins IIlels¢
-- 10 ml total miss

CmwOin I _ol_xl up. lifi

L

Mmlnilnll

Rock bm
Grlvel I_n

(SInd bm I_hmU)Cm_li.I ilollpei

C_q _

C_lliy lca_

Vibrmot suKt

Oilvel chile

lilail_uc lelXl_o,

/
I
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GENERALIZED BEAM POWER ARCHITECTURE FOR LUNAR SURFACE POWER

D0mlmmm
symm 0,trAm

PV_m_y Tlmem
mao_mem Symm

CHARACTERIZATION OF PMAD SYSTEM FOR ADVANCED
LUNAR BASE APPtk?,ATION
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1100 'IO00 10000

blllll luo I_ _ (flint
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powerreal},sml_lllc:nmaIo¢_IiC:filurlL
smsorL cEl4_ md mdimo_,mad(Imn io I_
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mul_m_ I_ m (> 200 C- )
o_cm_c_.

N-2



klASSOF RFCzUSEI)kS I_CKUP POWlERSYSTEM
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CONCLUSIONS:

The idea of beamingpower from the groundup is not new at all. The reader
couldeasily find literallyhundredsof articlescoveringthissubject,
particularlypower beaming to orbitalmaneuvering vehicles (OTV's), laser
boost to orbit,andspacebome weapon systems (area heavilysponsoredby
SDIO). W'_ the knowledgeacquiredby all these experiences, i.e.,
technology developed,we are confidenta beam power systemto beam
power to the surfaceof the Moon is feasiblewithinthe next 5 to 6 yeats,
depending uponavailabilityof funding, at a very competitive price,when
compare to the cost of more conventional approaches.
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